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The Editorial Policy and Practices of The Journal of 
Biological Chemistry 


It is thought that a statement of the Editorial policy and 
practices of this Journal would be of interest to readers and to 
authors. 

The Journal of Biological Chemistry is published by the 
American Society of Biological Chemists, and its editorial policies 
are established by the Editor, the Editorial Committee, and the 
Editorial Board in the manner described in the by-laws of the 
Society (Federation Proc., 18, 786 (1959)). In general, it can be 
stated that it is the policy of the Journal to publish significant 
papers that deal with any of the areas of biochemistry that are 
of interest to the members of the profession. It is further the 
policy of the Journal that no otherwise acceptable manuscript 
shall be refused publication because of lack of space. 

The suitability for publication of manuscripts submitted to 
the Journal is judged by the Editor and the Editorial Board. 
The Editor is appointed by the Council of the Society, and the 
Members of the Editorial Board by the Editorial Committee in 
consultation with the Editor. Members of the Board are ap- 
pointed for a five-year term, and may be reappointed for one 
additional five-year term after a lapse of one year. Appoint- 
ments to the Board are guided by the needs of the Journal for 
individuals with a particular kind of scientific knowledge. With- 
in a given field of specialization, members of the Editorial Board 
are chosen on the basis of high editorial competence demon- 
strated in the actual refereeing of manuscripts. A precedent has 
been established that a given individual shall not serve on both 
the Editorial Board and Committee simultaneously. 

It is the policy of the Journal that all manuscripts, including 
those from members of the Editorial Board, be refereed critically. 
There are two reasons for this policy. In the first place, the 
Journal is the official publication of a major scientific society. 
The Editors believe that the Journal has an obligation to the 
membership of the Society, and to the scientific and lay public 
in general, to see to it that, so far as possible, what appears in its 
pages is scientifically accurate. Expert refereeing is one of the 
tested, effective methods by which the scientific community 
prevents abuses, and sets and maintains its own standards of 
excellence. In addition, expert refereeing is designed to help the 
author to present his material in a form which is clear, brief, 
and consistent with certain minimal rules, so that the published 
paper may be read with profit for many years by scientists in 
many lands, and so that its appearance in print will be a source 
of pride to both the author and the Journal. 

In order to implement the policies outlined above, all manu- 
scripts, including those from members of the Editorial Board, 
are subjected to the same procedure. Upon receipt of a manu- 
script, the Editorial Office of the Journal notifies the author by 
card. The next step is a rapid examination by the Editor, in 
order to decide which member of the Board would most appropri- 
ately receive the manuscript for review. Papers on certain 
subjects may be reviewed by the Editor himself. In choosing 
a member of the Board to review a paper, the Editor is guided by 
the inflexible Journal rule that the author and Board member 
may never be from the same institution. A member of the 
Board is usually expected to render his opinion and return a 
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manuscript within two to three weeks. He may, and frequently 
does, consult referees, in which case the total process of editorial 
review may take somewhat longer. The identity and report of 
the referee are made known to the Journal, but not to the author. 
Indeed, the anonymity of the member of the Board and the 
referee who have handled a manuscript is always preserved unless 
the Board member, Editor, and referee desire it otherwise. 

The Board member can make one of three decisions about a 
manuscript. He can accept it outright, return it for revision, 
or recommend rejection. Outright recommendation for accept- 
ance by a single Board member usually insures acceptance of the 
paper, and one-fourth to one-third of all manuscripts received 
fall into this category. All such manuscripts, however, receive 
at least a brief, and sometimes a more extended, examination by 
the Editor, who may recommend revisions in terminology, 
abbreviations, or phrasing. In rare cases he may have further 
questions regarding the substance of the manuscript, and may 
ask for the opinion of a second Editor or of a referee particularly 
expert in the field in question. 

On the other hand, if the Board member first consulted recom- 
mends rejection of the paper, it is then returned to the Editorial 
Office, sent by the Editor to a second Board member, and finally 
reviewed by the Editor, who always passes on rejected manu- 
scripts. Frequently, a third or fourth opinion is sought, often 
from experts outside the Board. In really doubtful cases, 
differences of opinion are generally resolved in favor of the 
author, for the Journal would rather publish a few poor papers 
than reject one unfairly. 

Conflicts of interest may arise when a member of the Board 
is called upon to review a doubtful manuscript by an individual 
working in practically the same field as his own. In such cases, 
the Board member may render an expert referee’s opinion, but 
has no part in the final decision, which is made by other Board 
members together with the Editor. 

There are two main grounds for rejection of a manuscript. 
On the one hand, the Editor and the Board may conclude that 
the paper does not measure up to the high standards which the 
Journal aims to maintain. Possibly the work is not complete or 
the experimental evidence does not support the conclusions the 
author would like to draw; maybe the experimental approach 
is not well conceived and cannot lead to unequivocal conclusions; 
occasionally the experimental work shows clear-cut evidence of 
faulty technique that would vitiate the results; or finally, the 
work may be sound and the results valid, but the subject is 
judged to be of interest to such a specialized group that publica- 
tion elsewhere is advised. 

The second ground for rejection is that the subject matter of 
the paper lies outside the scope of the Journal. The horizons 
of biochemistry are widening rapidly, and all connected with the 
Journal know howimportant it is to keep pace with these changes. 
Indeed, it has already been noted that it is the policy of the 
Journal to publish papers in all the areas of biochemistry that are 
of interest to the members of the profession. Still, biochemistry 
does have limits, and occasionally highly specialized papers in 
fringe areas are submitted which it is felt would more logically 
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belong in a journal devoted to microbiology, nutrition, physiol- 
ogy, pharmacology, or to physical, organic, or analytical 
chemistry, or to some other field. 

Difficult decisions sometimes arise with papers which are 
perfectly sound but which represent only a very minor advance 
on previously existing knowledge. For example, a paper may 
demonstrate the existence of an already well known biochemical 
process in a tissue which has not been previously studied. 
Should it be published in the Journal? We are keenly aware 
that there is a large subjective element in all such judgments, 
and that what seems a minor advance to one man may appear 
highly significant to another. Nevertheless, decisions must be 
made, hard though they may be. In any case, the author has 
the safeguard that no adverse judgment is reached without ob- 
taining the independent opinion of at least two members of the 
Editorial Board. 

Finally, with respect to rejection, it should be noted that the 
author of every rejected paper has the right of appeal, if he 
believes that the Editors have made erroneous or unfair judg- 
ments. A letter to the Editor outlining the reasons why the 
editorial decision should be reconsidered will always be received 
sympathetically. 

About two-thirds of all of the manuscripts that eventually are 
published in the Journal are first returned to the author for 
revision. Revisions are requested only because, in the opinion 
of one or more—usually more—reviewers, the suggested changes 
will improve the paper. The commonest reasons are lack of 
clarity or brevity in exposition, questions of fact or theory that 
are not adequately covered, generally poor English, or use of 
laboratory jargon, incorrect chemical names or abbreviations, 
and so on. The purpose is always to help the author and to 
insure that the pages of this Journal will continue to present with 


a maximum of clarity and readability the most significant ad- 
vances in the science of biochemistry. On the other hand, the 
Kditors wish to point out to authors that they can greatly assist 
the operation of the Journal, and save much trouble and delay 
to themselves, by preparing their papers with great care and with 
due attention to the recommendations contained in Instructions 
to Authors, Use of Abbreviations, and Units of Measurement. 
The process of preparing a manuscript is an integral part of the 
research which the manuscript describes. If the description is 
not carefully, compactly, and lucidly presented, the author has 
done an inadequate job on this part of his research. If the 
findings are still judged by the Editors to be of value, it is their 
painful and time-consuming duty to go over the manuscript and 
recommend improvements. <A single Editor frequently spends 
a long time—six to ten hours is not uncommon—in the detailed 
review of a single manuscript, which may not be a very long 
one. Everything that the authors can do to make the work of 
the Editors easier by lucid presentation will help to lighten the 
heavy load of the Editorial Board. The author will also have 
his reward in a prompter acceptance of his manuscript, and 
probably also in obtaining a wider circle of attentive readers 
later on. 

Once a paper has been accepted, after careful review, we 
believe that every effort should be made to publish it speedily. 
We have therefore made, and shall continue to make, every 
effort to accelerate the mechanics of publication. Also, as a 
matter of policy, the Society firmly intends to maintain the 
subscription price of the Journal relatively low, so that it may be 
available to a wide circle of subscribers throughout the world. 
Several possible means of attaining this objective are under 
consideration, and the problem will be further considered in a 
later Editorial. 
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Instructions 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and ‘“‘laberatory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations”’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (hk) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


To Authors 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘‘Experimental 
Procedure’’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
‘““Summary,’’ (f) ‘“‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures:should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,’’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 


1 
d- § 
st 
AV 
th 
1S 
it. & 
is 
AS 
ir 
d 
d 
y 
f 
r¢ 
d 
rs 
4 
y & 
. 
a 
e 
e 
& 
; 
a 
| ; 
here 
3 
as 
‘ 
3 
$33 
4 
2 
<4 
& 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
- should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 3}-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @,0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


ications 


Preliminary C 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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Instructions to Authors 9 


The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 


tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company ! 

428 E. Preston Street 


4 
Baltimore 2, Maryland | 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 


length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
It is suggested that abbreviated names be hyphen- 


acyl-AMP). 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”? Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid’’ or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H2” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-H,.”’ 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (ef. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN?*), 
DPNH 


TPN, TPNH 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and _ its 
reduced form 
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10 Instructions to Authors 


FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, etc.) 
AMP, GMP, IMP, the 5’-phosphates of ribosy] adenine, 
UMP, CMP guanine, hypoxanthine, uracil, cy- 
tosine 
2’-AMP, 3’-AMP (5’-' the 2/-, 3’-, (and 5’-, where needed for 


AMP), ete. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, ete. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 


UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 


P;, PP; inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamyl, 
Glu-NH, glutaminyl, asparaginy] 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 


Hypro, Hylys hydroxyprolyl, hydroxylysy] 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free amino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- 
Rib (dRib), etc. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


5’-O-phosphoryl-adenyly]- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 

adenyly]-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


pApG 


ApGp 
ApG-cyclic-p 


for polydeoxyribonucleotides: 


5’-O-phosphory]-deoxyadenyly 1-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


d-pApGpT 


t Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram 
milligram mg 
microgram ug (not y) 
millimole mmole (not mm) 
micromole umole (not um) 
Units of Concentration 
molar (mole /liter) M 
millimolar mM 
micromolar um 


Units of Length, Area, Volume, etc. 


meter m 
centimeter cm 
millimicron my 
Angstrom cm) A 

square centimeter cm? 

cubic centimeter cc, or cm? 
milliliter ml 
microliter : ul (not A ) 
sedimentation coefficient s 


sedimentation coefficient in water at 20°, 
extrapolated to zero concentration 8°00 w 


Svedberg unit of sedimentation coeffi- 


cient sec) S 
diffusion coefficient (usually given in 
cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), as is the absorbancy index, am is the molar absorb- 
ancy index (identical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency’ specified, the 
exact value of this index will be somewhat ambiguous uuless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg** + ATP*=—= 
MgATP*-, the association constant is: K = (MgATP?-)/(Mg**) 
(ATP*-); (in units of m7). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in sec™!. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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TEFLON is a registered trade- 
of E. I. du Pont & Co., Inc. 


The stopcock plugs” are TE Li 


* Stopcocks with TerLon® Plugs manufactured under FiscHer & PorTER Patent No. 2,876,985 


in this new line of KIMAX® Laboratory Glassware 
eliminating freezing, binding, grease contamination 


KIMAX Laboratory Glassware now 
offers the convenience of TEFLON stop- 
cock plugs... 

No Binding—accomplished by exagger- 
ated 1:5 taper of TEFLON Plugs in pol- 
ished glass barrels. 


No Freezing — because of extraordinary 
chemical inertness of TEFLON. 
No Leaking—perfect fit of TEFLON Plug 
with the polished glass barrel. 


KIMBLE LABORATORY GLASSWARE 
AN (I) propuct 


No Contamination—self-lubricating . .. 
no grease needed with TEFLON stop- 
cock plugs. 

Easy Control—simple to adjust, control 
is easily maintained. 

KIMAX Stopcocks with TEFLON Plugs 
are “interworkable” with other boro- 
silicate glass of the same coefficient of 
expansion. 


This new line of KIMAX apparatus 


with TEFLON Stopcock Plugs may be 
assorted with other Kimble laboratory 
glassware making possible larger quan- 
tity discounts. Your dealer will show 
you how you may realize more savings 
by specifying Kimble for all your labo- 
ratory glassware needs. 


For further information, write Kimble 
Glass Company, a subsidiary of Owens- 
Illinois, Toledo 1, Ohio. 


Owens-ILLINoIS 
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/ \ 
+ 
KA 
¢ 
\ 
\ 
\ 
| 
ve 
Cy”) 
| 
3 
a 
bx! 
« 
| 


The Journal of Biological Chemistry 


looking for a good fraction collector? 


here’s a quick check list of things to look for... 


Ally automatic? 


At it up, come back later, find 
one, results waiting 


ct up to 200 samples? 


Areds of small fractions give sharper 
erentiation, higher resolution 


a few drops to 28cc? 


volume-versatility to handle the full 
range of cutting problems 


h a choice of two methods? 


time/flow or routine work, or drop- 
counting for critical accuracy 


dem rig for doubled output? 
hurries up things when you need results 


fitted with a tandem rig to pntinwuous progress totalizer? 


double collecting output. shows you at any time exactly how far 


- sampling has progressed 


85 above all 


m you depend on it? 
has it a proven-in-use record which 


guarantees soundness of design, rugged- 
ness of construction 


to look further. The Technicon Fraction Collector, not only 
ry point above, but on practically any other you can think of. 
collector has an unmatched record in hundreds of laborato- 
over. And that’s important... because a poor collector that’s 
or repairs can clog rather than expedite your work load. 


—technicon: 


There’s much more you should know about this time-and-labor saving 
instrument. Write today for brochure. 
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TECHNICON CHROMOTOGRAPHY CORPORATION 
Chauncey, New York 


XUM 


13 
f { 
\ \ | 
{ j 
| 
i 
TECHNICON T/F FRACTION COLLECTOR 
| 
| 
n- @ 
W 
O- 
| 
fraction collection 
le 
| 
; 
D 


The Journal of Biological Chemistry 


HYDROLYSATES 


for 
Microbiolo gical Procedures 


*““VITAMIN-FREE”’ CASEIN HYDROLYSATE is an acid hydroly- 
sate of a 10% solution of ‘‘Vitamin-Free’’ Test Casein, GBI. Micro- 
biologically significant amounts of vitamins have been removed as 
specified by U. S. P. 

When suitably supplemented, it will support excellent growth of 
organisms employed in microbiological procedures for such standard 
vitamin assays as B-Complex vitamins including B-12, amino acid 
assays and for bacterial nutrition studies. 


Offered in sterile, ready-to-use, liquid form, contents may be used 
immediately or removed aseptically and stored. An enzymatic form 
is also available for special uses. Usable to last drop, no waste. 
Available in 100 ml. and 450 ml. serum bottles. 


Save time, work and expense. Get uniform results—buy GBI ‘‘Vitamin- 
Free’? Casein Hydrolysate—Acid or Enzymatic forms. 


OTHER HYDROLYSATES—For various biological 
and microbiological procedures, General Biochem- 
icals, Inc., offers enzymatic and acid hydrolysates 
of Lactalbumin, Casein, Collagen, Soya and Yeast. 
Write for full information and catalog. 


GENERAL BIOCHEMICALS, INC. 


64 LABORATORY PARK - CHAGRIN FALLS, OHIO 
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Looking tor 


authoritative 
answers on 
Ethylene 
Oxide 
Sterilization 


Moisture - 
Sensitive 


materials 


American Sterilizer installation of large rectangular autoclave 
with automatic control for carboxide gas sterilization of heat- and 


moisture-sensitive materials. Routine sterilization with pres- 
sure steam is also accomplished automatically in this unit. Other 
equipment available ranges from the 16’’x16’’x30”’ self contained 
Cry-O-Therm to 60’ x 66’’x 120” single- or double-door models. 


WHY ETHYLENE OXIDE? 

As long as ten years ago, American Sterilizer 
researchers settled upon Ethylene Oxide (inerted | 
with suitable diluents) as the agent of choice for | 
the rapid and dependable sterilization of heat- or 
moisture-sensitive materials. Advances in such 
varied fields as pharmaceuticals, surgical supplies 
and packaging have greatly broadened the range 
of applications for which this versatile sterilizing 
agent is recommended. But they have also clearly 
signaled the need for a precise relationship be- 
tween such factors as temperature, humidity, 
pressure, exposure, concentration and diluents in 
effecting optimum conditions for each specific 
application. 


WHY AMERICAN STERILIZER? 

Our ten year study of the characteristics of 
Ethylene Oxide has been paralleled by an equally 
thorough development of instrumentation. As a 
result, American Sterilizer techniques and in- 
stallations are successfully serving an ever- 
widening range of industrial and commercial 
processes requiring the sterilization of heat- and 
moisture-sensitive materials. 

Because we have accumulated the largest body 
of data and experience in this field, we can advise 
you authoritatively. Because we offer the broad- 
est range of automatic equipment for standard or 
special application you enjoy significant benefits 
of economy and continuing efficiency. 


SEND FOR THIS FREE BASIC LITERATURE 


Basic literature on “Ethylene Oxide Sterilization for 
Industry” is available upon request. Engineers of our Scientific 
Division are ‘‘on call”’ for consultation on processes, 
techniques or packaging and Experimental and Pilot Plant 
facilities are available through our Research Division. > 


Write for Bulletin 1C-602 


AMERICAN 


STERILIZER 


Scientific Division 
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Recent studies by research scientists have further 


increased the uses of the Analytical Ultracentrifuge for 
New Methods Extend measuring molecular weights and purity of viruses, 


the Usefulness of = enzymes, proteins, polymers and a variety of organic 
and inorganic molecules. Here are four new 
the Uitracentrifuge developments as reported in the technical literature. 


Kegeles and Rao at Clark University have measured the 
molecular weights of chemically reacting systems in the ultra- 
centrifuge cell using the Archibald “approach-to-equilibrium” 
method. Studying the enzyme system alpha-chymotrypsin, they 
showed it to be present in the ultracentrifuge cell as an 
equilibrium mixture of monomers, dimers, and trimers. This 

is an extension of previous work which showed that the 
Archibald method applies to polydisperse non-ideal solutions, 
as well as to monodisperse ideal solutions. 


Trautman, at New York’s Rockefeller Institute for Medical 
Research, showed that the accuracy of the Archibald method 
can be improved by more precisely locating the position of 
the meniscus on the ultracentrifuge photographic plate. 

He made a detailed study of the optical fine structure at the 
meniscus, and used a special optical aligning procedure with 
a mirror in the ultracentrifuge cell. 


At Stockholm’s Nobel Medical Institute, Ehrenberg reports a 
simplified approach-to-equilibrium method which makes 
measurements from the schlieren curve easier. He runs the 
ultracentrifuge fast enough for a peak to begin forming at the 
meniscus so that the schlieren curve is parallel with the 
baseline and no extrapolation is necessary. His measurements 
of molecular weight and diffusion constants agree closely 
with those by other methods. 


Van Holde and Baldwin at the University of Wisconsin have 
used short liquid columns to achieve complete sedimentation 
equilibrium in a fraction of the time previously required. Using 
liquid columns of only 3 mm, they report equilibrium with sucrose 
in 3% hours, and with a 1 mm column in only 30 minutes. In 
addition, the authors report that measurements during approach- 
to-equilibrium permit calculation of a diffusion coefficient. 


interacting Systems 


Improved Accuracy 


Simplified Measurements 


Rapid Equilibrium 


If you are not familiar with the Ultracentrifuge, we will be 

An be happy to send you copies of “An Introduction to Ultracentrifuge 

aaa ae Techniques” and the latest issue of “Fractions”, a periodical : 
sent to owners of Spinco ultracentrifuges, electrophoresis- 
a diffusion instruments and amino acid analyzers. Write Spinco ‘ 
nee Division, Beckman Instruments, Inc., Stanford Industrial Park, 5 
Palo Alto 20 California. 


Sales and service facilities 

are maintained by 
Beckman/International Division Beckm ari 2 
in fifty countries Spinco Division ; 


_— Beckman Instruments, Inc. 
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The Journal of Biological Chemistry 


NEW CENTRIFUGE TUBES 


Accu-red markings last the life of the glass 


The red markings on these tubes are actually a 
part of the glass itself. There is no etching or 
filling involved. 

Fusing the marks directly into the glass re- 
sults in a stronger tube without etch lines... 
so you can expect (and get) even sturdier per- 
formance than you are used to with centrifuge 
tubes with etched and filled graduations. 

The tubes themselves are made from specially 
drawn, accurate bore tubing. The tips are pre- 
cision shrunk to give optimum accuracy to 
your readings. Walls are uniform throughout to 
minimize stresses during high-speed spins. 

You can get 15 and 50 ml sizes at no increase 


in price Over standard graduated tubes. : 


No. 7740 glass is unaffected by sterilization 
and reagents; you never need worry about 
PyYREX tubes clouding. 

Catalog LG-1 and its Supplement 3 list a 
complete line of Pyrex centrifuge tubes to 
match every type of work you do. ‘If you lack 
a copy of either catalog, just write. 

You can include these tubes with your regular 
PYREX ware order and get multiple-package dis- 
counts ranging from 14.5% to 23.5%. 


CORNING GLASS WORKS 


83 Crystal Street, Corning, New York 
CORNING MEANS RESEARCH IN GLASS 


PYRE X° taboratory ware... the tested tool of modern research 
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The list of labeled steroids printed below is both the largest and most complete 
| offered by any manufacturer. All compounds are in stock* and available for 
| immediate delivery. 


| CARBON-14 LABELED STEROIDS 


Specific 


Catalo Minim 
N Steroid pow Ge 
NEC-136  Androst-4-ene-3,17 dione-4-C14 7.5 10 uc for $27.50 
NEC-.-17 Cholestenone-4-C!* 26.1 10 uc for $22.50 
NEC-18 Cholesterol-4-C!* 37.7. 10 uc for $25.00 
NEC-173 Cholesterol-26-C!4 36.6 5 uc for $50.00 
NEC-125 Cholesteryl-4-C1* Stearate 9.7 10 uc for $45.00 
NEC-155 Cortisone-4-C!* 13.5 5 uc for $90.00 
NEC-115 Desoxycorticosterone-4-C!4 Acetate 9.2 5 uc for $65.00 
NEC-127 _ Estradiol-17-beta-4-C14 5.5 5 uc for $65.00 
NEC-163 Hydrocortisone-4-C'* 12.5 5 uc for $90.00 
NEC-148° 17 Alpha-Hydroxyprogesterone-4-C!4 32.0 5 uc for $65.00 
NEC-81 Progesterone-4-C!# 54.5 10 uc for $25.00 
NEC-101  Testosterone-4-C!* 20.0 10 uc for $22.50 
HIGH SPECIFIC ACTIVITY TRITIUM LABELED STEROIDS 
Specific 
Catalog Steroid Activi Minimum 
Number Order 
NET-30 Cholesterol-7 Alpha-H? 2.2 1 mc for $100.00 
NET-33 Dehydroepiandrosterone-7 Alpha-H Acetate 2.6 1 mc for $100.00 
NET-13 Estradiol-17 Beta-6, 7-H? 3.8 1 mc for $125.00 
NET-51 Estrone-6, 7-H? 21.0 1 mc for $100.00 
NET-36 17 Alpha-Hydroxypregnenolone-7 Alpha-H 2.6 1 mc for $100.00 
NET-39 delta 5-Pregnenolone-7 Alpha-H? 22 1 mc for $100.00 
NET-17 Progesterone-16-H? 1.8 1 mc for $100.00 
SALES REPRESENTATIVES: ATOMLIGHT, our bi-monthly technical 
ATOMIC ASSOCIATES, Inc. 
Boston * New York ° Philadelphia Complete catalog available. 


Washington, D.C. Atlanta Chicago 
Pittsburgh Dallas Los Angeles 
San Francisco ° Detroit 


RADIONICS, Ltd. 
Montreal, Canada 


575 ALBANY STREET, BOSTON 18. 
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Model LRA = Shown set up for 
continuous flow operation 
(Cover normally closed) 


The model LRA is the first automatic refrigerated centrifuge of 
its kind. Like the non-automatic Model LR, it has the newest and 
most efficient refrigeration design ever introduced. By proper 
placement of cutouts, baffles and deflection plates, a smooth 
forced air circulation system is set up. The warm air coming off 
the rotor flows around large surface area cooling coils on the side 
and bottom of the chamber. Upon emergence in the cooled form, 
the air flows onto all portions of the rotor. This system permits 
the cooling of any Lourdes’ rotor from ambient to 0°C within ten 
minutes by spinning at slow speed. Rotor temperatures are easily 
maintained at 0°C and lower during full speed extended runs, 
and as low as —15°C at lesser speeds or for shorter runs. 


By merely throwing a toggle switch, a 1 Hp. motor automa- 
tically accelerates any rotor to a pre-set speed . Lourdes’ electro- 
dynamic push-button braking system provides for smooth rotor 
stopping in a fraction of unbraked stopping time. A time delay 
relay releases the braking action at slow speed and permits the 
rotor to stop naturally without disturbing the sediment. This same 
centrifuge is now available with a % Hp. motor drive (Model 
LRA-1) to provide higher speed and force with the smaller rotors. 


Each centrifuge comes adapted to accommodate the new 
Lourdes’ continuous flow system at no additional cost. The con- 
tinuous flow rotors with polyethylene liners, in addition to ease of 
operation, assembly and disassembly, also offer fast flow rate, 
high speed and force and greater collection capacity than any 
comparable continuous flow centrifuge. New time saving ap- 
plications for these rotors are being discovered daily. 


Every Lourdes’ instrument is guaranteed for a period of one 
year and this guarantee insures customer satisfaction. 


-~ 


Super-Speed 


REFRIGERATED 
CENTRIFUGE 


Fully automatic rotor acceleration 
Push button Electro-Dynamic Braking 
(smooth stopping) 

Accommodation for new continuous 
flow system 

Automatic unbalance Electrical Safety 
trip 

Accommodates new 3 liter capacity 
rotor (10,000 X G) 

All Lourdes’ rotors directly inter- 
changeable 

Unsurpassed refrigeration efficiency * 
Electric tachometer and synchronous 
timer 

Complete safety controls 


LARGEST MANUFACTURER OF SUPER-SPEED CENTRIFUGES. ESTABLISHED 1944 


LOURDES Instrument Corp. 


o3rd STREET & Ist AVENUE 


BROOKLYN 32, NEW YORK 
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For DPN and DPNH 


insist on the 


GENUINE SIGMA PREPARATIONS 


Sigma is probably the leading basic producer of these impor- 
tant co-enzymes. 

Sigma Quality has always been the World's Highest, but now 
it is even higher than before. Not yet 100%, but we 
are rapidly getting there. 

Price—Far lower than any other supplier for comparable purity: 
6-DPN—95-100 % Pure—$15 per gram 
8-DPNH 


Type I—90-95 % Pure—$35 per gram 
(This has been our regular offering) 


@ Grave —97-100 % Pure—$50 per gram 
Never before has such a purity been offered commercially. 
Note:—Aft present only limited quantities are available, 
but we expect to develop our production to a 
routine basis over the next several months. 


Delivered by AIR ANYWHERE IN THE WORLD 


Also, for your convenience and to make your 
Enzyme assays more reliable by eliminating de- 
composition of DPNH STOCK SOLUTIONS, we offer 


DPNH TYPE 1 PRE-WEIGHED VIALS 
completely Stable at Room Temperatures 


0.2mg DPNH VIALS Stock No. 340-2 10 VIALS 2.50 
1.0mg DPNH VIALS Stock No. 340-101 10 VIALS 6.00 
2.0mg DPNH VIALS Stock No. 340-102 10 VIALS 11.00 
5.Omg DPNH VIALS Stock No. 340-105 10 VIALS 15.00 
10.0mg DPNH VIALS Stock No. 340-110 10 VIALS 21.00 


Delivered by Parcel Post anywhere 


DID YOU KNOW—\+the purity of Any Sigma Reagent is guaranteed until consumed. No 
matter how old, or why, if not satisfactory, please return it for replacement. This includes 


ENZYMES! 
TELEPHONE COLLECT from anywhere in the world 
Day, Station to Station, PRospect 1-5750 


Night, Person to Person, Dan Broida, WYdown 3-6418 


SIGMA 


CHEMICAL COMPANY 


3500 DeKalb St., St. Louis 18, Mo., U.S.A. 
MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
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te pr the biological and radiochemical 


research laboratory 


Laboratories faced with the need for handling and 


measuring large quantities of beta-emitting samples; 


have found Nuclear-Chicago’s Automatic Sample 
Changer System the ideal answer. Its versatility and 
proven reliability have made it the most widely 

used system of its kind in the world today. With it 
slow and tedious manual sample changing is 
completely eliminated, drastically cutting technician’s 
time for radioassay work. Up to 35 samples may 

be counted without attention and more accurate, more 
reproducible results are obtained than with 

manual counting techniques. The System consists 

of the C110B Automatic Sample Counter, 

a scaler, and an improved printing-timer. Normally 
used with the D47 Gas Flow Counter, windowless 

or with “Micromil”® window, the System is 

also designed to operate with mica window or 

beta scintillation detectors. 

For thirteen years Nuclear-Chicago has been the 
leader in the development of high quality, reliable 
instrumentation for radiochemical research. Our new 
Catalog R gives complete information on all 
Nuclear-Chicago radioactivity measuring 
and counting equipment. We’ll be glad 
to send you a copy without obligation. 


nuclear-chicago 
CORPORATION 
337 E. HOWARD AVE., DES PLAINES, ILL. 
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@ Permits rapid removal of 
vessel containing sample 


EXCLUSIVE FEATURE... 
swivel clamp with swinging arm 


MAGNETIC 
STIRRER 


Stirrer swings aside to permit con- 
venient and safe removal of vessel 
containing sample. 


In use in a closed system such as 
Karl Fischer for determination of 
water content. 


. the first practical Magnetic Stirrer commercially available in the U. S. 


‘ 


A compact, quiet-running apparatus which utilizes 
a rotating field of magnetic force to induce variable 
speed stirring action within either closed or open 
vessels. Dynamically balanced to prevent vibration 
and “‘walking.”’ 


Stirring is accomplished by means of a small 
magnetized bar, which is placed in the liquid to 
be stirred and which is rotated by magnetic force 
consisting of a permanent bar magnet attached 
to the shaft of an electric motor and mounted in an 
aluminum housing with flat top 43% inches diameter 
and 41% inches high, on cast metal base. 


Can be used either on the table or on a support 
rod, attached by means of the clamp with swivel 
joint and swinging arm, an exclusive feature of the 
Thomas Stirrer. Center of stirrer top is adjustable 
between 3 and 414 inches from support rod. Stirrer 
can be easily raised or lowered on the rod, and 


— introduced by us in 1944 


swings in or out of position in a horizontal plane. 
Particularly convenient in both the mounting and 
use of closed system assemblies. 


Suitable for any stirring operation which involves 
1 ml to 1 liter of liquids with viscosities up to that 
of a 50% glycerol solution. 


9235-C. Stirring Apparatus, Magnetic, Thomas, 
with enclosed rheostat. With graduated dial and 
rheostat mounted in stirrer housing. Complete with 
swing-out clamp, one %-inch Kel-F coated stirring bar, 
one 134-inch Pyrex coated stirring bar, 8 ft. 3-wire 
connecting cord with 2-prong plug, and directions for 
use; for 115 volts, 60 cycles, a.c........ caven aes 35.60 


9235-G. Ditto, without stirring bars........... 31.85 


9235-R. Stirring Apparatus, Magnetic, Thomas, 
with separate rheostat, for control of speed at a 
distance of approx. 30 inches; otherwise identical with 
9235-C. For 115 volts, 60 cycles, a.c............ 40.30 


9235-S. Ditto, without stirring bars............ 36.50 


Copy of Bulletin 118 sent upon request. 


QUALITY AND SERVICE 


LABORATORY APPARATUS 


More and more laboratories rely on Thomas 


ARTHUR H. THOMAS COMPANY 


Laboratory Apparatus and Reagents 


VINE ST. AT SRD ¢ PHILADELPHIA 5S, PA. 
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The Diaminohexose Component of a Polysaccharide 
Isolated from Bacillus subtilis* 


NATHAN SHARONT AND ROGER W. JEANLOzt{ 


From the Robert W. Lovett Memorial Unit, Medical Services of the Massachusetts General Hospital, and the Department of 
Medicine, Harvard Medical School, Boston, Massachusetts 


(Received for publication, April 17, 1959) 


During the study of the acid hydrolysate of a polysaccharide 
from Bacillus subtilis (3), the hexosamine fraction (4) was found 
to give an unidentified spot on paper chromatograms. Its color 
reactions were typical for an amino sugar, but it moved at a 
faster rate than glucosamine or galactosamine. Furthermore, 
degradation with ninhydrin (5) afforded a reducing product pos- 
sessing a Rp higher than that of unsubstituted pentoses or deoxy- 
pentoses (6). 

The present paper describes the isolation of the amino sugar 
and its identification as a diamino-trideoxy-hexose. 


METHODS 


Analytical Procedures—Hexosamines were estimated by the 
Gardell modification (7) of the Elson and Morgan procedure. 
Reducing sugar tests were run by the method of Somogyi (8), 
with the use of a 10-minute heating time, and the color reagent 
of Nelson (9). Free amino groups were assayed by the nin- 
hydrin method of Cocking and Yemm (10) and by the alkaline 
distillation method of Tracey (11). Glucosamine hydrochloride 
(c.p., Pfanstiehl) was used as a standard. 

Paper Chromatography—Chromatograms were run descending 
for 18 hours at room temperature, with Whatman No. 1 filter 
paper. The following solvents were used routinely: n-butanol- 
ethanol-water 4:1:1 and n-butanol-acetic acid-water 25:6:25. 
Reducing sugars were detected with silver nitrate, with the 
method of Trevelyan et al. (12). Amino sugars were detected 
by the Elson and Morgan (14) or ninhydrin (0.2% solution in 
n-butanol saturated with water) reagents. 

Paper Electrophoresis—The electrophoresis was carried out in 
borate buffer at pH 10, according to the method of Bourne e¢ 
al, (15). 


* Publication XXI of the series Amino sugars (preceding com- 
munication, see ref. 1) and No. 263 of the Robert W. Lovett Me- 
morial Foundation for the Study of Crippling Disease, Depart- 
ment of Medicine, Harvard Medical School. The investigation 
has been supported by research grants from the American Cancer 
Society and from the National Institute of Allergy and Infec- 
tious Diseases,| National Institutes of Health, United States Pub- 
lic Health Service (Grant F-1965). A preliminary account of 
this work has been published (2). 

t On leave of absence from the Weizmann Institute of Science, 
Rehovoth, Israel. 

t Special Investigator of the Arthritis and Rheumatism Founda- 


tion. 
1The following modifications were found convenient. The 


ethanolic solution of sodium hydroxide was used as a bath (5). 
After the alkali was removed by dipping in water, the silver salts 
in excess were removed with Kodak ‘‘liquid x-ray fixer’’ (13). 


EXPERIMENTAL AND RESULTS 


Preparation of Polysaccharide—Bacillus subtilis (ATCC 9945)? 
was grown on Sauton’s medium (16) in Fernbach flasks contain- 
ing 500 ml of medium each. After 3 days of growth at 36°, the 
cells were collected by centrifugation in a cooled Sharples centri- 
fuge and washed with cold distilled water. The succeeding steps 
were carried out at a temperature of between 0 and 5°. Two 
volumes of 10% trichloroacetic acid were added to the packed 
cells, mixed well, and the thick suspension was left overnight. 
On the next day, it was centrifuged for 30 minutes at 12,000 x g, 
the supernatant solution was poured off, and the cells were ex- 
tracted two more times with equal volumes of 5% trichloroacetic 
acid. The residue was discarded and the combined highly vis- 
cous extracts were left standing for 1 to 2 days, and centrifuged 
again for 30 minutes at 12,000 x g, resulting in a clear greenish 
solution. This last step was found to be essential for obtaining 
clear extracts. 

_ The solution was then extracted three times with equal volumes 
of ether to remove the trichloroacetic acid. Upon the addition 
of 3 volumes of 95% ethanol to the aqueous solution, a white 
voluminous precipitate separated. It was washed with aqueous 
alcohol, absolute alcohol, and ether, and dried, first in vacuum 
and finally in an oven at 90°. Ninety-five liters of medium 
yielded 600 g of cells, which gave 7.8 g of crude polysaccharide. 
This product was satisfactory for the preparation of the diamino- 
hexose reported in this paper. Purer preparations of the poly- 
saccharide (3) were, however, used in the preliminary experi- 
ments. 

Hydrolysis of Polysaccharide—The crude polysaccharide (7.8 g) 
was dissolved in 180 ml of 1 N sulfuric acid, and heated under 
reflux in a boiling water bath for 6 hours. After cooling, the 
dark brown solution was neutralized with BaCO,, filtered through 
a layer of Celite and charcoal (Darco G-60), and the precipitate 
was washed with 400 ml of warm water. The excess of Ba ions 
was removed from the combined filtrates by careful addition of 
an equivalent amount of dilute sulfuric acid, followed by filtra- 
tion. The clear, neutral hydrolysate was lyophilized, and gave 
5.1 g of a powdered product containing 20% hexosamines. 

Fractionation of Hydrolysate—Although the hydrolysate could 
be fractionated directly on an ion exchange column with high 
resolving power (7), this process would have involved the use of 
a very large column and of large eluent volumes. A preliminary 
fractionation was therefore carried out in order to remove the 


2 This strain was kindly provided by Dr. Leah Bichowski- 
Slomnicki of the Weizmann Institute. 
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neutral sugars and the bulk of amino sugars and amino acids 
from the hydrolysate, leaving a fraction enriched with the un- 
known compound henceforth to be named Compound A. 

A 2.4 X 17 em Dowex 50 column prepared according to Boas 
(4) was used. The lyophylized hydrolysate was dissolved in 80 
ml of water and added to the column. The neutral sugars were 
eluted from the column by washing with 600 ml of water, and 
the bulk of hexosamines (about 60%) by the use of 250 ml of 0.5 
nN HCl. The column was then washed with 400 ml of 1 nN HCl 
and a fraction composed mainly of p-glucosamine, p-galactos- 
amine, and Compound A was obtained. It accounted for 30% 
of the hexosamine content of the hydrolysate, and contained the 
major part of the Compound A, present in traces only in the first 
two fractions. Further washing of the column with 2 n HCl 
yielded only traces of amino sugars, and mainly amino acids, of 
which alanine was identified chromatographically as the major 
component. 

The 1 n HCl fraction was concentrated to dryness in vacuum 
at room temperature. The dry material was dissolved in 20 ml 
of 0.3 N HCl, and was chromatographed on a 3.5 X 33 cm Dowex 
50 column, according to the method of Gardell (7), fractions of 
10 ml being collected. The peaks of glucosamine and galactos- 
amine emerged at about 1.0 and 1.2 liters, respectively, but no 
attempt was made to isolate these compounds from the eluate. 
Compound A started to emerge at 3.4 liters, reaching a broad 


TABLE 
Paper chromatographic and paper electrophoretic data 


Chromatographic solvent 
mixtures 
Electrophoresis 
Compounds in borate buffer 
n-Butanol- | m-Butanol-ace- at pH 10 
ethanol-water | tic acid-water 
(25:6: 25) 
Rolucose Rolucose M glucose 
Compound A............. 1.4 1.8 0 
Compound B............. 4.5 3.3 0 
Compound C............. 0.55. 0.65 
Compound D............ 5.8 4.5 0.7 
p-Glucosamine HC]....... 0.6 0.7* 0.23 
* Double spot; main spot used for measurement. 
TABLE II 
Analytical data of compound A 
% % 

Nitrogen (Dumas)*............... 11.64 11.60 
C—CH; (Kuhn-Roth)*........... 12.5 10.5 
88 
Reducing sugarsf................. 84 


* These microanalyses were carried out by Dr. K. Ritter, Basel, 
Switzerland. 

+ Estimated by alkaline distillation (11). 

t Molar values using glucosamine hydrochloride as standard. 
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peak at about 3.7 liters. The pooled fractions (600 ml from 3.4 
to 4.0 liters) were evaporated by distillation in vacuum. The 
resulting material consisted chiefly of the unidentified amino 
sugar, but still contained small amounts of impurities, apparently 
glucosamine and galactosamine, and traces of amino acids. It 
was, therefore, further purified by paper chromatography. 

The material from the column peak was dissolved in 5 ml of 
water and chromatographed on eight sheets of Whatman No. 1 
filter paper, which had been extensively washed with distilled 
water and with ethanol. The mixture n-butanol-ethanol-water 
4:1:1 was used as solvent, and the chromatograms were run 
descending for 24 hours. Guide strips were cut from the dried 
chromatograms and sprayed with silver nitrate (12). The por- 
tions containing Compound A thus identified were cut from the 
chromatograms and eluted with 200 ml of water. The eluate 
was concentrated to a small volume, a few drops of 1 N HCl 
added, and the solution was filtered through a double layer of 
Celite and charcoal. The filtrate was evaporated under a stream 
of nitrogen and the last traces of free hydrochloric acid were re- 
moved by repeated addition of absolute ethanol and evaporation 
with nitrogen. After drying in vacuum, 112 mg of a solid mass, 
partially crystalline, were obtained. This material was recrystal- 
lized from a mixture of water, methanol, and acetone, yielding 
71 mg of colorless prismatic needles. 

Characterization of Compound A—Crystalline Compound A 
was homogenous as determined by paper chromatography in the 
two mixtures of solvents described above (the Ryiucose Values are 
given in Table I) as well as in the three following mixtures of 
solvents (the Ryicore ANd Rgtucosamine Values respectively are given 
in parentheses): (a) n-butanol-pyridine-water 6:4:3 (1.30, 1.70; 
diffuse spot, tailing); (6) ethyl acetate-pyridine-water 2:1:2 
(1.02, 1.38; elongated spot); (c) n-butanol-ethanol-water 5:1:4 
(1.3, 1.8; elongated spot). It was also homogenous in the mix- 
ture n-propanol-1 % ammonium hydroxide 7:3, with a Reiucosamine 
of 1.38. On paper electrophoresis in borate buffer no movement 
of Compound A could be observed. 

Compound A reacted with the silver nitrate, hilt: and 
Elson and Morgan sprays. It gave, however, no reaction with 
the aniline phthalate reagent. The crystalline material was 
soluble in water, methanol, and ethanol. It melted at 216-219° 
(corrected), with decomposition starting at 200° and had a mu- 
tarotation from [a]? +115° (after 5 minutes) to +94° (23 hours) 
(c 0.05 in water). 

The analytical values obtained for Compound A are reported 
in Table II. They correspond to CgsHi7O,4N2Cl. When assayed 
by various colorimetric methods, the optical densities increased 
linearly in the following ranges tested: for alkaline distillation of 
ammonia, from 225 to 450 ug; for the hexosamine test, from 26.6 
to 106.7 ug; for the reducing sugars test, from 53 to 214,¢; for the 
ninhydrin test, from 5.3 to 26.6 ug. 

The absorption spectrum of the Elson and Morgan color (7) 
was similar to the one of glucosamine hydrochloride. Measure- 
ment with a Cary recording spectrophotometer gave almost iden- 
tical absorption curves with a peak at 525 my, and a ratio of 0.9 
between the optical densities at 540 mu and 510 mw and 1.25 
between the optical densities at 550 mu and 510 mp. With the 
Boas modification of the Elson and Morgan test (4), a ratio of 
1.47 was obtained between the optical densities at 540 and 510 
mu for Compound A, whereas, under the same conditions, glu- 
cosamine hydrochloride gave a ratio of 1.32. 

Periodate Oxidation Studies—When Compound A was oxidized 
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by periodate according to the method of O’Dea and Gibbons (17), 
no formaldehyde could be detected, even after 24 hours of in- 
cubation. The test for acetaldehyde was carried out with a 
modification of the method of Nicolet and Shinn (18). The p- 
hydroxydiphenyl reagent (19) was used for the colorimetric esti- 
mation of the acetaldehyde formed with L-rhamnose serving as 
a standard. When the test was carried out immediately after 
mixing the reagent, 0.23 mole of acetaldehyde per mole of Com- 
pound A was formed; the acetaldehyde yield increased to 0.4 mole 
after 5 hours of incubation in the dark at room temperature and 
decreased to 0.26 mole after 18 hours of incubation. 

Formic acid also was produced upon oxidation by periodate. 
It was estimated quantitatively in the Warburg respirometer, 
by the method of Perlin (20), with an incubation temperature 
of 25°. The results indicate that 1.7 moles of formic acid were 
formed after 24 hours from 1 mole of Compound A. Low values 
were obtained in the oxidation of the two known compounds 
tested under identical conditions, z.e. 0.8 mole formic acid per 
mole of methyl a-p-glucopyranoside and 3.6 to 4.5 moles formic 
acid per mole of p-glucosamine hydrochloride. 

Degradation with Ninhydrin—Compound A was oxidized by 
ninhydrin in a capillary tube according to the method of Stoffyn 
and Jeanloz (5). The resulting product (Compound D), which 
was not isolated, moved very fast on paper chromatograms (Ta- 
ble 1). Its movement was faster than that of the fast moving 
pentoses (ribose or deoxyribose), methylpentoses (e.g. rhamnose), 
or methyltetroses (obtained by periodate oxidation of methyl- 
pentoses). The product was reducing, but was negative to the 
aniline phthalate reagent. It exhibited considerable movement 
on paper electrophoresis (Table I). 

Acid Treatment—Action of 4 N HCl on Compound A for 6 
hours at 100° converted it almost completely to a Compound C, 
which had a migration on paper chromatograms similar to that 
of glucosamine or galactosamine. It could be separated dis- 
tinctly from these hexosamines in n-propanol-1% ammonium 
hydroxide with a Rgtucosamine Of 1.09. It reduced silver nitrate 
and reacted positively to the ninhydrin and Elson and Morgan 
sprays. 

Acetylation of Amino Group—To a solution of 6.5 mg of Com- 
pound A in 0.7 ml of methanol, 7 mg of silver acetate were added, 
followed by one drop of acetic anhydride. The mixture was left 
overnight in the dark at room temperature. It was then heated 
to boiling, cooled, and filtered through a layer of Celite and 
charcoal, and the filter washed. The combined filtrates were 
evaporated to dryness under a stream of nitrogen. The residue 
was dissolved in a small amount of water, and the last traces of 
silver ions removed by filtering through a thin bed of Dowex 50. 
The filtrate was dried and recrystallized from a mixture of etha- 
nol and ethyl acetate to give 6.8 mg of fine needles or plates, 
m.p., 262-264° (corrected) with decomposition. The crystalline 
derivative (Compound B) dissolved sparingly in water, but was 
soluble in ethanol. Its rotation at equilibrium was [a]? +67° 
(c 1.09 in water-ethanol 1:1). 


CioHisO5N 2 
Calculated: C 48.77, H 7.37 
Found: C 49.36, H 7.90 


On paper chromatograms, it moved faster than Compound A 
but exhibited no movement in paper electrophoresis. It re- 
duced the silver nitrate spray but up to 210 ug gave no color in 
the Morgan and Elson test (21). 
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1600 1200 800 
WAVE NUMBER, 
Fig. 1. Infrared spectrum of Compound A in KBr pellet 


Infrared Spectra—The infrared spectra of Compounds A and 
B were determined on a Perkin-Elmer apparatus, model 21 with 
a NaCl optic, in a KBr micropellet.4 The spectrum of Com- 
pound A is reproduced in Fig. 1. 


DISCUSSION 


The experiments described above show that a polysaccharide 
from Bacillus subtilis contains an amino sugar different from p- 
glucosamine and p-galactosamine, the usual amino sugar com- 
ponents of complex polysaccharides. This compound comprises 
between | and 2% of the polysaccharide, or about 0.1 to 0.2% 
of the dry weight of the bacterial cells, and it has been obtained 
in a pure form and crystalline state. 

The elemental analysis of Compound A is consistent with the 
formula CsHi7O.N;Cl or a multiple of it. A direct molecular 
weight determination could not be performed, because of low 
solubility, but the reducing properties, the quantitative Elson 
and Morgan and ninhydrin reactions, as well as the movement 
on paper chromatograms indicate a monosaccharide. The pres- 
ence of an a-amino-aldehyde grouping can be deduced from the 
reducing properties and the positive Elson and Morgan and nin- 
hydrin reactions, whereas the liberation of acetaldehyde by per- 
iodate oxidation allows the assignment of a methyl group, vicinal 
to a secondary alcohol group at the other end of the chain. The 
C-methyl Kuhn-Roth determination shows the presence of two 
methyl groups in Compound A. Elemental analysis, resistance 
to periodate oxidation, and examination of the infrared spectrum, 
indicate that this second methyl group is part of an acetyl group 
linked to an amine. Strong infrared absorption bands appear 
at 1660 (amide I), at 1530 (amide IT), and at 3365 
(secondary amide), whereas the absorption band at 1725-1749 
cm! characteristic of the O-acetyl carbonyl group is lacking (22). 
Since the acetyl group contains two carbons, the backbone of 
the sugar is made of six carbons, and Compound A is a hexose. 

The various reactions reported iseeh (Elson and Morgan, 


3 We wish to thank Miss Mary Ellen Collins for the determina- 
tion of the spectra. 
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ninhydrin, alkaline distillation, as well as the formation of a 
hydrochloride) show one of the two nitrogen atoms to be present 
as a primary amine located at C-2. This is confirmed by strong 
infrared absorption bands at 3300 cm! and 3550 cm-!, charac- 
teristic for a primary amine (22). When this amino group was 
acetylated to give Compound B, the infrared spectrum showed 
absorption bands only at 1640 cm (amide I), 1540 cm- (amide 
II), and 3355 cm! (secondary amide), characteristic of the amide 
group (22). The assignment of the second nitrogen of Com- 
pound A to a primary amine linked to acetic acid is less evident. 
It is based on the elemental analysis, and on the lack of absorp- 
tion characteristic for a secondary or tertiary amine in the in- 
frared spectrum. The treatment with strong acid releases a 
product which moves much more slowly on paper chromatog- 
raphy and is consequently more polar (Compound C). This 
behavior is in agreement with the liberation of a primary amine 
by cleavage of the amidic linkage. 

The presence of an acetylamino grouping in Compound A after 
hydrolysis of the polysaccharide with 1 N sulfuric acid for 6 hours 
at 100° is quite surprising. However, it is possible that this 
stability is due to the distance from the aldehyde group and the 
presence of a free amino group at C-2. The most probable loca- 
tion of the acetylamino group is at C-4, the two other positions 
at C-5 and C-3 being unlikely for the following reasons. Com- 
pound A showed a mutarotation requiring the presence of a free 
hydroxyl group at C-4 or C-5. The linkage of an amino group 
at the latter position is excluded by the formation of acetaldehyde 
after periodate oxidation of Compound A. Elimination of C-3 
as a possible location is based on the identity of the absorption 
curves of Compound A and p-glucosamine after Elson and Mor- 
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gan reactions, since substitution at C-3 has been previously shown 
to shift markedly the maximum of the curve (23, 24). The lib- 
eration of 1.7 moles of formic acid after periodate oxidation is 
also in better agreement with a substitution at C-4 than at C-3. 
An additional argument for the location of the acetylamino 
group at C-4 is the failure of Compound B to give a positive 
Morgan and Elson test. This lack of color formation has been 
previously linked to the inability of N-acetylamino sugars sub- 
stituted at C-4 to produce the necessary furanose form of the 
chromogen (25, 26). It is possible to reconcile the presence of 
an acetylamino grouping at C-4 with periodate oxidative cleaving 
between C-4 and C-5 to give acetaldehyde, since it has been 
already reported that acetylation of an amino group vicinal to a 
free hydroxyl group does not inhibit oxidative cleaving by perio- 
date (27, 28). However, it distinctly slowed down the reaction 
and the concomitant destruction of the liberated acetaldehyde 
by the excess of periodate reagent would explain the low yield 
of aldehyde obtained. 

The above considerations indicate the structure of a 4-acet- 
amido-2-amino-2 ,4 ,6-trideoxy-hexose for Compound A and the 
derived structures for its N-acetyl derivative (Compound B) and 
for the diamino sugar obtained by strong acid treatment (Com- 
pound C) (Fig. 2). Although this latter compound has not been 
isolated in pure form, its behavior on paper chromatograms is 
compatible with the proposed structure. It gives the typical re- 
actions of a 2-amino-2-deoxy sugar, and moves on paper with an 
Ry close to those of glucosamine and galactosamine (Table I). 
This rate of movement may be explained by the compensating 
effects of a methyl group, which increases chromatographic mo- 
bility, and of an additional amino group, which decreases it (14, 
29). 

The behavior of Compound A on paper chromatograms is also 
consistent with the data reported for other substituted sugars, 
in which replacement of one hydroxyl group by an amino group 
salified by hydrochloric acid decreases the rate, and replacement 
by an acetylamino group increases it (14, 29). The fast move- 
ment of Compound A would be the combined results of two rate 
increasing groups (acetylamino and methyl) and one rate de- 
creasing group (amino hydrochloride). The very slow elution 
rate from the column of the sulfonic resin Dowex 50 can be ex- 
plained by the reverse effect of the above mentioned groups. 
Crumpton has already reported the strong retarding effect of the 
methyl group in p-fucosamine on its movement on ion exchange 
columns under similar conditions (30). 

Degradation of Compound A with ninhydrin affords a com- 
pound possessing structure D (Fig. 2). Its high mobility on pa- 
per chromatography is consistent with the type of structure pro- 
posed. Furthermore, the presence of a pair of free hydroxyls 
at C-2 and C-4 is favorable for complex formation with borate 
(31), in agreement with its fast movement on paper electrophore- 
sis. In addition, compounds which have this structure do not 
give a positive reaction with the aniline phthalate reagent (32), 
and this observation was verified experimentally with the nin- 
hydrin degradation product of Compound A. 

The presence of a diaminohexose component in a bacterial 
polysaccharide seems never to have been reported before. Even 
if it is too early to ascertain its biological implication, it is of 
interest to note that the only other evidence for the existence of 
diamino sugars in nature has been found in the low molecular 
antibiotics, neomycin (33-35), ard framycetin (36). Recent 
work on the structure of these compounds, however, has estab- 
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lished a structure quite different from the one proposed in the 
present work (37, 38). 


SUMMARY 


A new amino sugar was found in acid hydrolysates of a poly- 
saccharide from Bacillus subtilis. It was isolated by the use of 
ion exchange chromatography, and obtained in a pure crystalline 
form. Its composition corresponds to CsH1;0,N:Cl. On the 
basis of color reactions, periodate oxidation studies, and infrared 
spectra, it is proposed that the new compound is a 4-acetamido-2- 
amino-2 ,4,6-trideoxy-hexose. 


REFERENCES 


. JEANLOZ, R. W., J. Am. Chem. Soc., 81, 1956 (1959). 

. SHARON, N., AND JEANLOZ, R. W., Biochim. et Biophys. Acta, 
31, 277 (1959). 

. SHARON, N., Nature, 179, 919 (1957). 

. Boas, N. F., J. Biol. Chem. , 204, 553 (1953). 

. SToFFYN, P. J., AND JEANLOZ, R. W., Arch. Biochem. and Bio- 
phys., 62, 373 (1954). 

. Hirst, E. L., anp Jones, J. K. N., Discussions Faraday Soc., 
7, 268 (1949). 

. GARDELL, S., Acta Chem. Scand., 7, 207 (1953). 

. Somoey!, M., J. Biol. Chem., 195, 19 (1952). 

. NEusON, N., J. Biol. Chem., 163, 375 (1944). 

. Cocki1nG, E. C., anp YEMM, E. W., Biochem. J., 58, xii (1954). 

. Tracey, M. V., Biochem. J., 52, 265 (1952). 

. TREVELYAN, W. E., Procter, D. P., anp Harrison, J. §., 
Nature, 166, 444 (1950). 

. Benson, A. A., Bassam, J. A., Catvin, M., HA.t, A. G., 
Hirscu, H. E., Kawaaucui, S., Lyncu, V., TOLBERT, 
N. E., J. Biol. Chem., 196, 703 (1952). 

. PARTRIDGE, S. M., Biochem. J., 42, 238 (1948). 

. Bourne, E. J., Foster, A. B., anp Grant, P. M., J. Chem. 
Soc., 4311 (1956). 

. Bovarnick, M., J. Biol. Chem., 145, 415 (1942). 

. O'Dea, J. F., aNp R. A., Biochem. J., 55, 580 (1953). 


— 


— 
OU 


“1m 


N. Sharon and R. W. Jeanloz 5 


18. NicoLet, B. H., aNp SHinn, L. A., J. Am. Chem. Soc., 63, 1456 
(1941). 

19. Bock, R. J., anp Bo.tiine, D., The amino acid composition 
of proteins and foods, 2nd edition, Charles C Thomas, Spring- 
field, Illinois, 1951, p. 261. 

20. Peruin, A. S., J. Am. Chem. Soc., 76, 4101 (1954). 

21. Reissic, J. L., SrRoMINGER, J. L., LE.orr, L. F., J. Biol. 
Chem., 217, 959 (1955). 

22. Betuamy, L. J., The infra-red spectra of complex molecules, 
Methuen and Company, Ltd., London, 1954. 

23. Foster, A. B., Horton, D., anp Stacey, M., J. Chem. Soc., 


81 (1957). 

24. CIFONELLI, J. A., AND DorrMan, A., J. Biol. Chem., 281, 11 
(1958). 

25. KuHn, R., GAUHE, A., AND Baker, H. H., Chem. Ber., 87, 1138 
(1954). 

26. JEANLOzZ, R. W., anp TrEMBGE, M., Federation Proc., 15, 282 
(1956). 

27. JEANLOZ, R. W., AnD ForcuiE..t, E., J. Biol. Chem., 188, 361 
(1951). 

28. Aminorr, D., anD Morean, W. T. J., Biochem. J., 48, 74 
(1951). 

29. IsHERWooD, F. A., AND JERMYN, M. A., Biochem. J., 48, 515 
(1951). 

30. Crumpton, M. J., Biochem. J., 69, 25P (1958). 

31. Foster, A. B., Advances in Carbohydrate Chem., 12, 81 (1957). 

32. Houan, L., Jones, J. K. N., anp Wapman, W. H., J. Chem. 


Soc., 1702 (1950). 

. DutcHeR, J. D., Hosansky, N., Dontn, M. N., anp WINTER- 
STEIN, O., J. Am. Chem. Soc., 78, 1384 (1951). 

. DutcHer, J. D., AnD Donn, M. N., J. Am. Chem. Soc., 74, 
3420 (1952). 

. Rinenart, K. L., Jr., Woo, P. W. K., Arcoupe is, A. D., 
AND GIESBRECHT, A. M., J. Am. Chem. Soc., 79, 4567 (1957). 

. JANOT, M. M., PéNauv, H., Stoik, D. V., HAGEMANN, G., AND 
PénasseE, L., Bull. soc. chim. France, 1458 (1954). 

. Rinewart, K. L., JR., anpD Woo, P. W. K., J. Am. Chem. Soc., 
80, 6463 (1958). 

. Rinenart, K. L., Jr., Woo, P. W. K., anp ArGoupeE is, A. 
D., J. Am. Chem. Soc., 80, 6461 (1958). 


S & & 


wn 

is 
3. § 

no 
ve | 

en 

he 

of | 

ng | | 
en | 

10- 

on | 

‘de 

ld | 

et- | 

the 

nd 

m- | 

en 
| 

re- | 

an 

I). | 

ing 

10- 

14, 

lso 

Ts, 

up 

nt 

ve- 

ite 

le- 

on 

2X- 

ps. 

she 
ge | 

m- 

ya- 

ro- | 

yls | 

ate | | 

re- 

2); 

in- 

ial | 

‘en | 

of 

of | 

lar 

ont 

ab- 


Tue JouRNAL or BIoLoGicaL CHEMISTRY 
Vol. 235, No. 1, January 1960 
Printed in U.S.A. 


The Effect of Insulin on Intact Muscle from 
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The premise that insulin affects the oxidative phase of carbo- 
hydrate metabolism originated with the work of Krebs and Eg- 
gleston (1). However, much contradictory evidence has been 
reported and the whole problem has been reviewed by Stadie 
(2). Reports of Villee and Hastings (3), Frohman et al. (4, 5), 
Sacks (6), Lee and Williams (7), Demis (8) and others have in- 
dicated that citric acid cycle activity is decreased in diabetic 
tissue and have led to the postulate that the condensing reaction 
is possibly involved (5). Experiments by Hall et al. (9) and 
Gourley and Fisher (10) have shown that insulin affects the 
oxygen consumption of intact frog muscle; and Gourley (11) and 
Hall (12) have noted that insulin can increase the oxygen uptake 
of mammalian muscle under certain circumstances. The data 
to be presented here! show the effect of insulin in vitro on the 
oxygen consumption and substrate utilization of relatively in- 
tact skeletal, diaphragm, and cardiac muscle from normal and 
diabetic rats. 


EXPERIMENTAL 


A total of 180 adult white rats, male, of the Sherman strain, 
weighing 200 to 300 g were used. One-half of that number were 
made diabetic by the injection of 180 mg/kg of alloxan subcu- 
taneously after starving for 24 hours. Mortality was markedly 
decreased by administration of the dose in two parts, 24 hours 
apart. The animals were considered diabetic if they showed 
glycosuria and blood sugar levels of 0.25 g per 100 ml or higher 
after ad libitum feeding of Purina chow. They were used after 
2 weeks or more of established diabetes. 

The rats were killed by cervical fracture. Small pieces of 
muscle were removed rapidly, weighed on a torsion balance and 
immersed in 30% KOH for glycogen determinations by the 
method of Seifter et al. (13). The muscles for the respiration 
experiments were then removed and placed in ice-cold Ringer’s 
solution. The skeletal muscles used were the sternomastoideus, 
sternohyoideus, and scalenes. Thin slips, about 1 by 3 cm and 
1 mm thick were obtained by careful teasing. The diaphragm 
was trimmed and cut into four equal portions, the thicker caudal 
portion being used for the initial glycogen analysis. The ven- 
tricles were cut transversely into slices 0.5 to0.8 mm thick. Oxy- 
gen consumption was measured by standard manometric pro- 
cedure in 15-ml Warburg vessels gassed with O2 in a medium of 
Krebs-Ringer-phosphate buffer (14). No more than 10 min- 


* Supported by Grant No. 112 of the Rutgers Research Council. 

t The assistance of D. C. Wilhoft in some of these experiments 
is gratefully acknowledged. 

1 A paper, based on this work, was presented at the 1958 meeting 
of the American Society of Zoologists in Bloomington, Indiana. 


utes elapsed between excision and equilibration with O: especially 
in the case of heart muscle. Readings were taken for 1 hour pre- 
vious to tipping and for 3 hours afterwards. At the end of the 
experiment the muscles were removed for glycogen analysis and 
5% trichloroacetic acid was added to the medium. Aliquots of 
the protein-free filtrate were analyzed for citrate by the method of 
Natelson et al. (15) and for lactate by the method of Barker and 
Summerson (16). 


RESULTS 


The data obtained are summarized in Tables I to III. 

Table I—The initial oxygen consumption is lower in diabetic 
than in normal tissue of all three types. This difference, which 
is highly significant (p « 0.01), is in direct contradiction to the 
earlier work of Pearson et al. (17) who found that diabetic heart 
muscle slices respired 28% higher than normal slices. There is 
considerable variation, but when large numbers of observations 
are averaged (between 50 and 70 in each case) the respiration of 
diabetic tissue is 12 to 20% lower, with the skeletal muscle show- 
ing the greatest difference. The respiratory rates are not as 
high as some that have been reported (Pearson et al., 17) espe- 
cially in the case of heart muscle, because no substrate was 
present. 

The oxygen uptake of the controls (no additions) falls off in 
each instance, skeletal muscle showing the greatest decline, and 
cardiac muscle the least. There is no significant difference be- 
tween normal and diabetic muscle in this regard. Insulin has 
no effect on the respiration of normal muscle. In contrast, in- 
sulin increases the oxygen consumption of all three types of 
diabetic muscle and appears to prevent any marked decrease in 
rate with time. The result is that diabetic tissue with added 
insulin is respiring at the end of the 3 hours at the same rate as 
normal tissue at that time with or without insulin. The per- 
centage of stimulation (figures in parentheses) varies since the 
respiration of the different tissues decreases at different rates 
with time. 

Citrate, in all cases, maintains the respiration near its initial 
rate, and there is little difference between normal and diabetic 
tissue. Possibly there is a difference between normal and dia- 
betic heart muscle in this regard but the significance is not strik- 
ing (p = 2%). When insulin and citrate are both present the 
response is always greater in diabetic tissue since their combina- 
tion produces an effect equal to or slightly greater than the sum 
of the responses when they are present separately. Thus when 
citrate and insulin are present the oxygen consumption of diabetic 
muscle at the end of 3 hours is returned to that of normal mus- 
cle during the first hour. Only in normal heart muscle is the 
rate appreciably elevated above the initial rate. 
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TABLE I 


Oxygen consumption 


consumption calculated as ymole/hour/g wet weight. 


The first column shows the respiration for the hour before tipping. The 


remaining six columns show the averaged respiration for the 2nd and 3rd hours after tipping. The medium was Krebs-Ringer-phos- 


phate buffer, pH 7.2(14). Total volume was 2 ml. 


Vessels were gassed with oxygen and incubated at 37°. 


the materials when added: Na citrate, 0.01 m; Na lactate, 0.01 mM; glucagon-free insulin, 0.5 I.U./ml.? 


Final concentrations of 


Each figure is the mean of 40 to 50 observations + standard error, where the standard error = "A ze D 
n(n — 
The figures in parentheses show the percentage of stimulation when compared with the control values. 
O2 uptake: 2nd and 3rd hours after tipping 
Tissue 
Control + Insulin + Citrate Citrate + Lactate 

Skeletal, normal. ./15.4 + 0.2)11.2 + 0.3)12.3 + 0.3(49) {13.5 + 0.4(+20)|/14.5 + 0.6(+30)|11.4 + 0.3(0) 13.6 + 0.4(+22) 
Skeletal, diabetic./12.0 + 0.3) 8.6 + 0.2)11.3 + 0.2(+22))10.8 + 0.3(+26)|14.0 + 0.5(+63)| 8.4 + 0.4(0) 11.2 + 0.4(+30) 
Diaphragm, nor- 

24.4 + 0.620.5 + 0.520.2 + 0. 5(0) (23.6 + 0.5(+15)/23.2 + 0.5(+14) 23.4 + 0.4(+14)/22.0 + 0.4(+7) 
Diaphragm dia- 

21.6 + 0.617.5 + 0.520.1 + 0.6(+15)'20.3 + 0.4(+16)/24.4 + 0.6(+40)/20.5 + 0.5(4+17)/21.6 + 0.5(+23) 
Heart, normal..../40.0 + 0.736.0 + 0.736.8 + 0.7(+2) 44.4 + 0.8(+23)/45.6 + 0.9(+27)\41.0 + 0.8(+14) 42.0 + 0.7(+17) 
Heart, diabetic....|34.8 + 0.6128.8 + 0.7/34.0 + 0.6(+18)/33.4 + 0.7(+16)'40.0 + 0.8(+39) 36.5 + 0.7+ (26)'41.0 + 0.8(42) 

TABLE II 
Glycogen content 

Glycogen content of muscles at beginning and at end of experiment expressed as mg/100 g wet weight. 

Each figure is the mean of 12 or more determinations + standard error. 

Tissue 0 time Control + Insulin + Citrate 7 eat + Lactate Hi ae 
Skeletal, normal................... 622 + 5 191 + 11 221 + 8 243 + 9 386 + 7 403 + 12 504 + 11 
Skeletal, diabetic.................. 427 + 7 120 + 8 138 + 16 182 + ll 235 + 16 170 + 11 266 + 13 
Diaphragm, normal.................| 394 + 5 144 + 9 206 + 12 170 + 7 250 + 10 416 + 14 390 + 12 
Diaphragm, diabetic............... 402 + 9 160 + 9 132 +7 174 + 8 220 + 10 157 + 14 240 + 1l 
Heart, mowmal...................... 375 + 6 125 + 6 123 + 6 170 + 10 183 + 6 160 + 12 215 + 12 
Heart, diabetic..................... 530 + 9 120 + 8 130 + 8 123 + 8 123 + 9 140 + ll 133 + 12 

Lactate maintains the respiratory rate of heart and diaphragm, TaBLeE III 


both normal and diabetic but not of skeletal muscle. When 
lactate and insulin are both present the results are similar to 
those for citrate and insulin but tend to be smaller, except in 
diabetic heart muscle where the oxygen consumption is restored 
to the normal! initial level. 

Table II—The glycogen content of the muscles at zero time 
follows the usual pattern with the glycogen concentration in 
skeletal muscle being lower and in heart muscle higher than in 
normal muscle. Diaphragm shows no change. Four hours of 
aerobic incubation in the absence of substrate reduces the glyco- 
gen content of the controls to one-third or less of its initial value. 
This corroborates previous reports (8). The presence of insulin 
causes no change, except, perhaps, in normal diaphragm. Cit- 
rate has some sparing action, and, when combined with insulin, 
the glycogen content at the end of 4 hours is approximately one- 
half of its initial value except in diabetic heart muscle. Lactate 
has a greater effect but there is considerable variation—normal 
diaphragm maintains its glycogen completely, skeletal muscle 


2 Glucagon free zinc insulin courtesy of Eli Lilly & Co., Indi- 
anapolis, Indiana; assayed 25 I.U./mg. 


Utilization of citrate and lactate 


Each figure is the mean of 12 or more determinations + standard 


error, expressed as umoles/hour/g wet weight. 


In the case of 


lactate the uptake was calculated by subtracting the amount left 
in the medium at the end of the experiment from the sum of the 
lactate added and an amount equal to the weight of the glycogen 
disappearing. 

In the control and insulin vessels, where no lactate was added, 
the lactate in the medium at the end of the experiment was less 
than the amount of glycogen disappearing in all cases. 


Citrate Lactate 
Tissue 

0 Insulin + Insulin 0 Insulin | + Insulin 
Skeletal, normal...... 4.7 + 0.5 6.6 + 0.7)14 + 0.520 + 0.7 
Skeletal, diabetic... .. 4.5 + 0.6 4.3 + 0.610 + 0.918 + 1.2 
Diaphragm, normal...'6.1 + 0.3) 7.8 + 0.418 + 0.927 + 1.3 
Diaphragm, diabetic. .\6.3 + 0.3) 7.0 + 0.314 + 1.130 + 1.4 
Heart, normal........ 9.9 + 0.310.2 + 0.432 + 1.534 + 1.2 
Heart, diabetic....... 5.8 + 0.2 6.1 + 0.321 + 1.638 » 1.6 
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retains 75% and heart muscle less than 50%. In contrast, di- 
abetic muscle responds only slightly, if at all, to lactate alone. 
Insulin combined with lactate is partially effective in normal 
skeletal and heart muscle and in diabetic skeletal and diaphragm 
muscle. It is rather strange that diabetic heart muscle, which 
at the start has an elevated glycogen content should lose it so 
rapidly and fail to replace or retain it. There does not seem to 
be any correlation between glycogen retention and increased 
O: uptake, for insulin increases the latter but not the former, 
whereas citrate and lactate usually affect both. 

Table IJJ—Insulin increases the utilization of lactate in the 
three normal tissues, and of citrate in skeletal and diaphragm, 
but not in cardiac muscle. The uptake of citrate is the same in 
normal] and diabetic muscle with the exception of heart muscle, 
where it is lower, and insulin does not increase this significantly. 
In contrast the uptake of lactate is lower in all three diabetic 
tissues and insulin increases it to or above normal levels, an in- 
crease of approximately 100%. 


DISCUSSION 


These experiments have shown that some basic difference in 
diabetic muscle tissue exists which results in decreased oxygen 
consumption and that insulin in vitro is able to correct it. This 
action of insulin cannot be explained by an increase in the per- 
meability of the cell membrane to substrate, for, in some cases 
no substrate was added; and when substrate was present, the ef- 
fects of insulin and substrate are additive. Likewise, it cannot 
be a protective protein effect, because, although the data are not 
shown, several tests were made with other proteins, bovine se- 
rum albumin, egg albumin, and rat plasma, with uniformly 
negative results. This, therefore, is strong evidence that some 
step in oxidation is defective in diabetic muscle and can be re- 
stored to normal by insulin in vitro. Since oxidation occurs 
within mitochondria this indicates that insulin, in a physiologi- 
cally active form, can penetrate the cell membrane and influence 
mitochondrial activity. Lee and Williams (7) have drawn the 
same conclusion. Moreover, when substrate is present this ef- 
fect of insulin is not necessarily accompanied by a corresponding 
increase in the amount of substrate disappearing from the me- 
dium. The uptake of lactate is increased, that of citrate is not. 

Another interesting feature, which these results emphasize, is 
the variability between the three types of striated muscle. For 
instance, lactate, although taken up, does not increase the O» 
consumption of skeletal muscle as compared with its action in 
diaphragm or cardiac muscle; and diabetic heart muscle is ap- 
parently incapable of retaining its glycogen content under any 
circumstances tested. Even normal heart muscle does not re- 
tain glycogen when lactate is present to the same extent as the 
others do. These experiments lend weight to the theory that 
insulin directly or indirectly increases the activity of the Krebs’ 
tricarboxylic acid cycle. This may occur because of a block in 
diabetic tissue at the level of the condensing reaction which is 
sensitive to insulin. The fact that lactate uptake is depressed 
in the diabetic and that insulin increases the uptake of lactate, 
but not of citrate, tends to support this. Clearly the oxidative 
machinery of the cell is somewhat deranged in diabetic tissue and| 
can be affected by insulin. Work with mitochondrial enzyme 
systems would eliminate such problems as cell permeability and 
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show more precisely where insulin acts biochemically. Such ex- 
periments are now in process and will be reported later. 


SUMMARY 


1. The respiratory rate of diabetic mammalian muscle is de- 
pressed below normal. 

2. Insulin added in vitro can return the respiration of diabetic 
tisue to its normal level. 

3. Insulin combined with substrate can maintain the O2 con- 
sumption of diabetic tissue for 3 hours at the initial rate of nor- 
mal muscle. 

4. Citrate or lactate can prevent the decline of respiration with 
time in both normal and diabetic muscle except in skeletal muscle 
where lactate is ineffective. 

5. Aerobic incubation for 4 hours reduces glycogen content to 
one-third of the initial values. Citrate and insulin reduces this 
decrease to one-half in skeletal and diaphragm muscle, but not in 
heart muscle. Lactate and insulin are much more effective in 
maintaining the glycogen content of skeletal and diaphragm 
muscle, but not of heart muscle. The response of diabetic mus- 
cle is much less in this regard. 

6. The utilization of citrate is not increased in the diabetic 
and is not increased by insulin, whereas that of lactate is de- 
pressed in the diabetic tissue and is doubled by insulin. 

7. Neither the uptake of lactate or citrate from the medium 
nor the glycogen sparing effect is correlated with the effects of 
insulin on uptake. 

8. The significance of these findings in relation to modern 
theories of insulin action is discussed. 
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Aspergillus niger 72-4 ferments sucrose or glucose to citric acid 
in high yields when grown on a medium in which the trace metal 
content is closely controlled (1, 2). With the aid of glucose- 
3,4-C“4, Cleland and Johnson (3) showed that the glucose is 
cleaved to two 3-carbon fragments in a manner that is compatible 
with the Embden-Meyerhof scheme. The labeling in the citrate 
indicated that the citrate was probably synthesized by the fol- 
lowing pathway. One of the C; fragments was converted to 
acetyl-CoA plus COs, while the other 3-carbon unit condensed 
with thd CO, to form a C, fragment which was either oxaloace- 
tate or malate. Finally, the acetyl-CoA condensed with oxalo- 
acetate to form citrate. Experiments with C™“Q, indicated that 
CO, was the source of the citrate carboxyl group that is derived 
from the 6-carboxyl group of oxaloacetate (3, 4). 

This paper presents results of studies of CO: fixation by cell- 
free extracts of the mold. It appears that A. niger may contain 
2 different systems for synthesizing C, dicarboxylic acids by con- 
densing CO:2 with 3-carbon units. One of these systems seems 
to be identical with the phosphoenol pyruvate carboxylase kinase 
system found in plants (5) and yeast (6) (Equation 1). 


_ P-enolpyruvate' + ADP + CO: = oxaloacetate + ATP (1) 


The second CO--fixing system might be a new system. It 
requires pyruvate and ATP, and probably produces oxaloacetate 
as one of the products. 


EXPERIMENTAL 


Materials—Oxaloacetic acid, silver-barium phosphoenol pyru- 
vate, and the cyclohexylamine salt of the phosphoenol were pur- 
chased from the California Corporation for Biochemical Re- 
search. The silver-barium salt was dissolved in dilute nitric 
acid, and the silver and barium precipitated by adding NaCl and 
NaSO,. The supernatant solution was adjusted to pH 7.5 with 
carbonate-free NaOH, and stored at —20°. 

Purified malic dehydrogenase, twice crystallized yeast alcohol 
dehydrogenase, DPN+, as well as the sodium salts of TPN?, 
ADP, ATP, IDP, and glucose-6-P were purchased from the 
Sigma Chemical Company. The alcohol dehydrogenase was 
weighed, and dissolved (just before use) in a solution of 0.1 Mm 
Tris buffer (pH 7.5) and 0.1% crystalline bovine serum albumin 
(Pentex, Inc.). The other chemicals were dissolved in CO;-free 


* Published with the approval of the Director of the Wisconsin 
Agricultural Experiment Station. Supported in part by a grant 
from the Atomic Energy Commission. 

1The abbreviations used are: carboxykinase, phosphoenol 
pyruvate carboxylase kinase; P-enolpyruvate. phosphoenol- 
pyruvate. 


water, titrated to pH 7.5 with carbonate-free NaOH, and stored 
at —20°. The Tris buffer was made by titrating Tris base with 
concentrated HCl. The quantity of Tris buffer refers to the 
sum of the Tris base plus the Tris hydrochloride. Egg white 
trypsin inhibitor was purchased from Nutritional Biochemicals 
Corporation. 

Radioactive BaCO; was purchased from Oak Ridge National 
Laboratory, and converted to Na:C“O; in a Warburg vessel. 
An aliquot of 0.1 ml (0.25 umole) of the stock solution had a 
radioactivity of 553,000 c.p.m. when counted as BaCOs (7) (self 
absorption correction made to 1 mg per cm’). 

According to work done in this laboratory by James R. Mat- 
toon,? BaC“O; samples counted on planchets have 1.19 + 0.01 
times as many counts as the same amount of C when counted 
as a low molecular weight organic compound mixed with a gelatin 
solution, dried on a planchet, and counted. W. T. Jackson and 
M. J. Johnson* reported a value of 1.18 + 0.05 for this factor, 
whereas Bergmann (8) reported a value of 1.20 + 0.05. There- 
fore, 0.1 ml of the stock NazC™“O; solution would have an activity 
of 465,000 c.p.m. if it were converted to an organic carbon com- 
pound. The latter value will be used for the radioactivity of the 
Na2CO; solution. 

Culture—Aspergillus niger 72-4 was used. The spores were 
grown on a medium consisting of 2% agar, 2% yeast extract, and 
1% malt extract, or on the medium of Shu and Johnson (9). 

Growth of Cells—Fifty milliliters of sterile medium in a 500-ml 
Erlenmeyer flask were inoculated with spores. The medium 
consisted of 2% commercial glucose monohydrate, 6% corn steep 
liquor (50% solids), 0.1% KH2PO,, 0.1% NaeSO,, and a few drops 
of lard oil. The flasks were incubated for 24 to 30 hours on a 
rotary shaker at 25°. The cells were harvested during the log- 
arithmic phase of growth, or used to inoculate a 15-liter fer- 
mentation. 

The 15-liter fermentations were conducted at 25° in a 30-liter 
stainless steel stirred jar fermentor (10). When the wet weight 
reached 50 x per liter (after 28 to 40 hours), the cells were har- 
vested, or used to inoculate a 110-liter fermentation in a 50-gallon 
fermentor (11). The cells from the 50-gallon fermentor were 
harvested when wet weight reached 50 g per liter (at 15 to 25 
hours). Generation times in the stirred jar and in the tank were 
about 4 hours. 

The medium for both the stirred jar and the tank consisted of 
5% commercial glucose monohydrate, 0.25% KH:2PO,, 0.25% 
NH,NOs, 0.1% MgS0O,-7H.O, 0.1% tribasic potassium citrate 


2? Personal communications. 
3 Manuscript in preparation. 
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monohydrate, 0.14% lard oil, and (in mg per liter) Fe++, 6; Zn*++, 
2; Cutt, 0.5; Mn++, 1; and tap water. 

Harvest of Cells—The contents of the shaken flasks were cooled 
with ice, filtered rapidly, and resuspended in ice-cold water. The 
pH of the suspension was adjusted to about 8 with KOH, and 
the flask was shaken. After several pH adjustments, the myce- 
lium was filtered, and stored at —20°. The yield was about 5 g 
of wet cells per flask. 

The mycelium from the stirred jar and the 50-gallon tank were 
harvested during the logarithmic phase of growth. The medium 
was cooled with crushed ice, and the cells harvested with a Shar- 
ples centrifuge (type AS-16 P). The mycelium was resuspended 
in ice-cold water, and the pH was adjusted to 7.5 to 8.0. The 
cells were recentrifuged, and stored at —20° in polyethylene bags. 
The cells could be stored for about 6 months. 

Preparation of Cell-free Extract—Five grams of frozen cells were 
thawed rapidly, then ground for 10 minutes with an equal weight 


TABLE I 
Carbozykinase assay 


The complete system contained 4 wmoles of P-enolpyruvate, 4 
pmoles of ADP, 20 umoles of MgSO,, 100 umoles of KCI, 100 umoles 
of Tris buffer (pH 7.5), 232,500 c.p.m. NazCO; (0.125 umole), and 
0.5 ml of dialyzed cell-free extract (containing 5 ymoles of KCl 
and 1 mg of egg white trypsin inhibitor). The reaction volume 
was 0.82 ml, and the incubation period was 30 minutes. The ex- 
tract was dialyzed for 5 hours against a solution of 0.001 m Tris 
buffer (pH 7.5), and 0.01 m KCl. The dialysis solution was 
changed hourly. 


System Total c.p.m. fixed 
Without P-enolpyruvate....................... 2,125 
15,070 
19,640 
B 
a, 
© 20 
n 
10 a 
5 
| 
0 1 2 3 0 0.5 1 
REACTION TIME (HOURS) ML. EXTRACT 


Fic. 1A. Time course of CO; fixation. The assay tubes con- 
tained 0.5 ml of cell-free extract and were prepared as described 
in Table I (complete system), excepting that the cell-free extract 
was not dialyzed, and the reaction volume was 1.32 ml. The re- 
action periods varied from 10 minutes to 3 hours, as indicated. B. 
The assay tubes were prepared as described in A, excepting that 
the volumes of cell-free extract were varied as indicated. The 
reaction period was 30 minutes. 
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of acid-washed Celite 545 in a 16-cm mortar. After addition of 
10 ml of 0.1 m Tris buffer (pH 7.5), the mixture was centrifuged 
(15 minutes at 13,000 x g), and the turbid supernatant solution 
adjusted to pH 7.5 with carbonate-free NaOH or Tris base. All 
operations were conducted at 3° with precooled materials and 
equipment. For some experiments, egg white trypsin inhibitor 
was added to the extract in order to inhibit proteolytic enzymes, 

Assay for COz Fixation—The assay was conducted at 35° in 
stoppered 13 X 100 mm test tubes. After incubation, 0.04 ml 
of 12 m HCl and 0.01 ml of octanol were added. Radioactive 
CO: was completely removed by passing a stream of humidified 
CO, through the mixture for 30 minutes. Appropriate aliquots 
were added to 5-cm? stainless steel planchets with 7-mm rims, 
adjusted to pH 12 with NaOH, and dried at room temperature. 
When necessary, gelatin was added to increase the dry weight 
of the sample to at least 1 mg per cm?. The planchets were 
counted under a thin window Geiger tube, corrections for self- 
absorption and coincidence being made when appropriate. 

Chromatographic Procedures—Paper chromatography was con- 
ducted at 25° on 3-inch-wide strips of Eaton-Dikeman No. 613 
paper. The chromatographic chamber of Schepartz and John- 
son (12) was used. Solvent system I, a modification of a system 
reported by Palmer (13), consisted of ethyl ether, 88% formic 
acid, and water, in the volume ratio 50:20:5. Solvent system 
II consisted of methyl isobutyl ketone, 88% formic acid, and 
water, in the volume ratio 100:30:15. About 4 hours were re- 
quired for the solvent fronts to travel 40 cm. The amino acids 
were detected with ninhydrin, and the other acids were detected 
with a glucose-aniline spray (14). The radioactive spots were 
detected with a strip counter (12). 

Isolation of 2,4-Dinitrophenylhydrazone of Radioactive Oxalo- 
acetate—The reaction vessels contained 10 ymoles of P-enolpyru- 
vate, 10 umoles of ADP, 20 umoles of MgSQ,, 200 umoles of KCl, 
100 wmoles of Tris buffer (pH 7.5), 465,000 c.p.m. NazC“Os;, and 
0.5 ml of nondialyzed cell-free extract containing 1 mg of egg 
white trypsin inhibitor. The reaction volume was 1.14 ml, and 
the incubation period was 1.25 hours. 

Immediately after acidification, an aliquot of 1 ml was added 
to 100 mg of oxaloacetic acid. The 2,4-dinitrophenylhydrazone 
was formed at 3° (15). An aliquot of the remaining sample was 
counted as usual. Purification was achieved by dissolving the 
crystals in ethy] acetate, extracting into 10% NazCOs, acidifica- 
tion of the aqueous layer with 6 m HCl, and re-extraction with 
fresh ethyl acetate. This cycle was repeated to the acidification 
step, when very small crystals formed. The entire operation 
was conducted at 3°. The crystals were plated, weighed, and 
counted. The purification cycle was repeated until the specific 
activity became constant. | 


RESULTS 


Assay for P-enolpyruvate Carboxykinase—The maximum 
amount of CO, was fixed when P-enolpyruvate, ADP, MgSO, 
and KC] were all added to the reaction mixture (Table I). The 
absolute requirement for ADP indicates that Reaction 2, cat- 
alyzed by the carboxykinase (15, 16) does not occur: 


P-enolpyruvate™ + CO, + H.0 = 


2) 
oxaloacetate~ + HPO,*= + H* 


Characteristics of CO2-fixing Reaction—A single, nondialyzed 
cell-free extract (containing egg white trypsin inhibitor, 3 mg per 
The ex- 


ml) was used for the experiments presented in Fig. 1. 
tract and substrates were brought to 35° before mixing. 
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The extent of reaction with time is shown in Fig. 1A. The 
rate of the reaction was constant for the first 20 or 30 minutes, 
then slower, and almost constant, for the next 1.5 hours. 

Fig. 1B shows the relationship between radioactivity fixed and 
the amount of cell-free extract added. A linear relationship ex- 
ists only at low extract concentrations. At higher extract con- 
centrations, the amount of CO, fixed remains constant, and 
finally decreases at the highest concentration used. Comparison 
of the two experiments of Fig. 1, which were performed simul- 
taneously, shows that small amounts of extract for longer times 
gave much more fixation than larger amounts for shorter times. 
For example, 0.1 ml of extract fixed 13,900 counts in 30 minutes, 
whereas 0.5 ml of extract fixed only 5,500 counts in 10 minutes. 
This effect indicates the presence of an inhibitor in the extract. 

The relationship between activity and the amount of magne- 
sium ion added is shown in Fig. 2. The curve is linear for the 
addition of the first 10 umoles of Mg++, reaches a maximum be- 
tween 10 and 30 uwmoles of Mgt+, and decreases at higher con- 
centrations. Extrapolation of the first part of the curve to zero 
activity shows that additional activator, equivalent to 4 umoles 
of Mg++, was present in all the reaction vessels. 

Several other divalent cations were examined for their ability 
to stimulate the reaction. Of the various ions tested (at a level 
of 20 wmoles per 1.21 ml of reaction mixture), only Mgt+ and 
Mn++ were active. Barium and cobalt ions were either indiffer- 
ent, or slightly stimulatory. Calcium ions inhibited the residual 
activity by 76%, Nit++ by 91%, and Cut+ and Zn++ by 100%. 

The possible stimulatory effect of several monovalent cations 
was investigated (at 0.1 M concentrations). A 15-fold stimula- 
tion (from 1,610 ¢.p.m. to 23,700 c.p.m.) was produced by Kt‘, 
Lithium ion 
produced a 1.3-fold stimulation (probably caused by impurities), 
whereas Nat and Tris ions had no effect. The stimulation of 
this reaction by a monovalent cation has not been previously 
reported. 

Fig. 3A shows that the activity increases with increasing Kt 
concentration. Fig. 3B shows the same data plotted according 
to the method of Lineweaver and Burk (17). A straight line is 
obtained if it is assumed that the extract contained activator 
equivalent to 1.27 wmoles of K+ per 0.5 ml. The Michaelis con- 
stant for K+ was found to be 0.0376 m. When the data was 
plotted by the method of Hofstee (18), the Michaelis constant 
was calculated to be 0.0365 . 

Fixation rates in the presence of ADP and of IDP were com- 
pared. The cell-free extract was not dialyzed. With ADP, 53,- 
800 c.p.m. were fixed, whereas with IDP only 12,200 c.p.m. were 
fixed. It is probable that ADP is the actual substrate, and that 
IDP is active by way of the nucleoside diphosphokinase reaction 
(19, 20). 

Cysteine was inhibitory. In one experiment, 56,100 c.p.m. 
were fixed when 12 ywmoles of cysteine were added, whereas 
81,700 c.p.m. were fixed when cysteine was omitted. This effect 
was probably not caused by Mg++ chelation, because the reaction 
mixture contained more than 20 uwmoles of Mgtt. 

The cell-free extracts cannot be dialyzed for very long periods 
of time. Extracts were prepared with and without the addition 
of egg white trypsin inhibitor (21), 2 mg per ml. Before dialysis, 
it was found that the trypsin inhibitor stimulated the CO--fixing 
reaction by 50%. The extract without the inhibitor lost all its 


activity during 4 hours of dialysis, whereas it was estimated that 
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Fic. 2. The effect of Mgt* concentration on activity. The 
assay tubes contained 4 uwmoles of ADP, 100 wmoles of KCl, 100 
umoles of Tris buffer (pH 7.5), 232,500 e.p.m. Na2C!O;, 2.5 umoles 
of DPN*, 120 umoles of ethanol, 100 ug of alcohol dehydrogenase, 
300 units of malic dehydrogenase (dialyzed for 2 hours to remove 
ammonium sulfate), and 0.5 ml of dialyzed cell-free extract. 
From 0 to 120 wmoles of MgSO, were added as indicated. The 
reaction volume was 1.33 ml, and the incubation period was 30 
minutes. The extract (without trypsin inhibitor) was dialyzed 
for 2.25 hours as described in Table I. The dialysis solution was 
changed every 45 minutes. 
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Fic. 3A. The effect of K* concentration on activity. The as- 
say tubes were prepared as described in Table I (complete sys- 
tem), excepting that the K* concentration was varied as indicated. 
The reaction volume was 0.92 ml, and the incubation period was 
30 minutes. The extract was dialyzed for 2.25 hours against 0.001 
M Tris buffer (pH 7.5). The dialysis solution (1 liter) was changed 
every 45 minutes. B. The data from A plotted according to the 
method of Lineweaver and Burk (17). @——@ represents the 
uncorrected data, and O——O represents the corrected data (as 
explained in the text). 


10 hours would have been required to destroy the activity of the 
extract that contained the inhibitor. 

Effect of Bicarbonate Concentration on Fixation Rate—In order 
to determine the effect of bicarbonate concentration on fixation 
rate, the reaction was carried out at various levels of added bi- 
carbonate. The level of radioactivity was held constant. The 
results are recorded in Table II. At the higher bicarbonate 
levels, the observed fixation was 0.08 to 0.1 umole. The ap- 
parent Michaelis constant for bicarbonate, however, is so low 
that it could not be estimated because of the small unknown 
amount of adventitious bicarbonate present. This has been 
made clear in the last two columns of the table. The extract 
used in the experiment of Table II was apparently less active than 
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II 
Determination of fixation rate for CO:2 

The assay tubes contained 4 uwmoles of P-enolpyruvate, 4 
pmoles of ADP, 20 wmoles of MgSQO,, 465,000 c.p.m. Na2C!*O;, 0.5 
ml of cell-free extract, and KHCO; as indicated. The Kt con- 
tent was maintained at 200 uwmoles by the addition of KC]. The 
reaction volume was 1.00 ml, and the incubation period was 30 
mjnutes. 

The cell-free extract was prepared by grinding 5 g of cells with 
Celite, and extracting with 10 ml of 0.6 m Tris buffer (pH 7.5). 
Nine milligrams of egg white trypsin inhibitor were added to the 
9 ml of supernatant solution, and the pH was reduced to 7.35 by 
the addition of HCl. The extract was transferred to a 400-ml 
beaker, and placed in an evacuated desiccator that contained a 
saturated solution of Ba(OH): in a Petri dish. After 10 minutes 
under reduced pressure (at room temperature), CO:2-free air was 
admitted to the desiccator. The cell-free extract was removed 
from the desiccator, transferred to a stoppered test tube, and ad- 
justed to pH 8.0 with Tris base. 

The KHCO; was prepared as a 0.1 m solution, and adjusted to 
pH 8 with CO:2. The total bicarbonate content (in all forms) was 
determined by titration. 


Bicarbonate fixed 
Tube No. |KHCOsadded| Final pH | | Assuming 
original* original* 
HCO; level | HCOs level 
= 1 umole = 3umoles 
pmoles pmole umole 
1 0 7.85 14,500 0.032 0.094 
2 5.25 5,140 0.069 0.091 
3 10.5 3,020 0.075 0.088 
4 21.0 7.88 1,795 0.085 0.093 
5 42.0 855 0.079 0.083 
6 73.5 566 0.091 0.093 
7 105.0 8.00 368 0.084 0.085 
8 157.5 276 0.095 0.095 
) 210.0 8.10 233 0.106 0.107 


* Original bicarbonate is that present as contaminant plus that 
added as radioactive bicarbonate. 


usual (in Table I, the fraction of the total radioactivity fixed was 
5 times as great as in Tube 1 of Table II). With more active 
preparations, it is probable that the amount of CO:z fixed was in 
the neighborhood of 0.5 umole per ml. 

Isolation of 2,4-Dinitrophenylhydrazone of Radioactive Ozxalo- 
acetic Acid—The 2,4-dinitrophenylhydrazone of radioactive ox- 
aloacetic acid was isolated as described in ‘“‘Experimental.”’ The 
2 ,4-dinitrophenylhydrazone had a specific activity of 1.29 c.p.m. 
per mg. The specific activity was 2.17 c.p.m. per mg after the 
first purification, and 1.98 c.p.m. per mg after the second. 
Therefore, the oxaloacetate accounted for 512 c.p.m. in the 1-ml 
aliquot, and 604 c.p.m. in the entire reaction mixture. The total 
amount of CO, fixed was 129,000 c.p.m., of which the oxaloace- 
tate accounted for only 0.47%. 

Effort to Trap Radioactivity in Pool of Nonradioactive Oxaloace- 
tate—Two assay tubes were prepared in an identical manner, ex- 
cept for the addition of 100 umoles of sodium oxaloacetate to one 
of them. The normal assay tube fixed 136,300 c.p.m., whereas 
the tube with the oxaloacetate pool fixed only 6,440 c.p.m. The 
instability of the oxaloacetate under the conditions of the assay 
was probably responsible for this result. When the reaction was 


stopped by the addition of HCl, the tube with added oxaloacetate 
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Fig. 4. Distribution of radioactivity on paper chromatograms 
of reaction mixtures. The assay tubes contained 8 umoles of 
P-enolpyruvate, 20 wmoles of MgSQ,, 100 uwmoles of KCl, 100 
umoles of Tris buffer (pH 7.5), 465,000 c.p.m. Na2C14O;, and 0.5 
ml of nondialyzed cell-free extract. The reaction volume was 
1.21 ml, and the incubation period was 1 hour. A total of 134,000 
c.p.m. were fixed, and about 1,600 c.p.m. were applied to each 
chromatogram. The radioactivity scale is in arbitrary units. 
The area under each peak is proportional to the radioactivity. 

The chromatographic methods and solvent systems are de- 
scribed in the ‘‘Experimental”’ section. 


evolved a large amount of COe. The CO:2 was probably formed 
by decarboxylation of the oxaloacetate. 

Identification of Radioactive Products of CO-fixing Reaction— 
The results of paper chromatography of reaction mixtures are 
shown in Fig. 4. The Rp values of the peaks corresponded to 
those of aspartic, malic, and fumaric acids. This identification 
was confirmed by cochromatography. 

With system I, the aspartate (Rr 0.27) contained 23% of the 
radioactivity, the malate (Rr 0.54) 61%, and the fumarate (Rr 
0.81) 14%. With system II, the aspartate (Rr 0.11) contained 
26% of the radioactivity, the malate (Rr 0.41) 59%, and the 
fumarate (Rp 0.80) 12%. Thus 97 or 98% of the total radioac- 
tivity fixed in stable form was in the form of these three acids. 
The calculated ratio of malate to fumarate at equilibrium is 4.45 
(22). The ratio observed was 4.6. 

Origin of Radioactive Acids—Additional evidence that the mal- 
ate and fumarate were in equilibrium was obtained in an experi- 
ment in which 100 wmoles of sodium malate were added to one 
assay tube, and 100 umoles of sodium fumarate added to another. 
The ratios of radioactivity in the aspartic, malic, and fumaric 
acids was 44:49:7 in the control tube, 12:75:13 in the tube with 
malate, and 12:81:6 in the tube with fumarate. It seems rea- 
sonable to conclude that malate and fumarate were readily inter- 
converted by the cell-free extract. 

A vessel in which NH,Cl replaced the KCl was prepared. The 
ratios of radioactivity in the aspartate, malate, and fumarate were 
24:60:13 in the vessel with K+, and 14:69:15 in the vessel with 
NH,*. These results tend to rule out the aspartase reaction as 
being responsible for the formation of the aspartate. 
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TABLE III 
Evidence for formation of oxalacetate as initial radioactive product 


All the tubes in Experiment I contained 8 uwmoles of P-enol- 
pyruvate, 8 wymoles of ADP, 20 umoles of MgSQ,, 100 umoles of 
KCl, 100 uwmoles of Tris buffer (pH 7.5), 465,000 c.p.m. Na2C*Os3, 
and 0.5 ml of nondialyzed cell-free extract. In Tubes 2 and 3, 
DPNH was produced in situ by the addition of 100 ug of alcohol 
dehydrogenase, 2.5 wmoles of DPN*, and 120 umoles of ethanol. 
The tubes were then preincubated for 10 minutes. Tube 3 also 
contained 1,000 units of malic dehydrogenase (MDH), which was 
added (in 0.1 ml) as a suspension in 33% ammonium sulfate. The 
reaction volume was 1.21 ml, and the incubation period was 1 
hour. 

Both tubes in Experiment II contained 10 wmoles of P-enol- 
pyruvate, 10 zmoles of ADP, 200 umoles of KCl, 100 umoles of 
Tris buffer (pH 7.5), 465,000 c.p.m. Na2C!4O;3, and 0.5 ml of non- 
dialyzed cell-free extract. In addition, Tube 1 contained 20 
pmoles of MgSQ,, and 50 umoles of the Tris salt of L-glutamic acid. 
The reaction volume was 1.14 ml, and the incubation period was 
1.25 hours. The extract contained egg white trypsin inhibitor, 
2 mg per ml. 


Experiment I Experiment II 
Tube 1 Tube 2 Tube 3 Tube 1 | Tube 2 
Additional sub- | None | DPNH | DPNH | None | t-Glu- 
stances added + ta- 
MDH mate 
Total c.p.m. fixed (134,000 114,000 | 163,800 (136,800 105,100 
Percentage activity 24 14 12 49 81 
in the aspartic acid 
Percentage activity 60 68 71 41 16 
in the malic acid 
Percentage activity 13 16 15 10 2 
in the fumaric acid 


Experiments designed to determine whether oxaloacetate was 
the initial radioactive product are reported in Table III. Ex- 
periment I shows that the addition of DPNH or of DPNH plus 
malic dehydrogenase resulted in an increased amount of radioac- 
tivity in the malate and fumarate, and a decreased amount in 
the aspartate. Entirely opposite results were obtained by the 
addition of glutamic acid to the reaction mixture (Experiment 
Il). The changes caused by DPNH and malic dehydrogenase 
were not as large as those caused by glutamate, but are believed 
to be significant because they were checked by duplicate chro- 
matograms and because the changes are greater than those ob- 
served in replicate experiments. These results are consistent 
with the theory that the initial fixation product was oxaloacetate, 
and that the observed products arose by the following side reac- 
tions: 


Oxaloacetate + a-amino acid = asparate + a-keto acid (3) 
Oxaloacetate + DPNH + H* = malate + DPN* (4) 


Malate fumarate + (5) 


Assay for Malic Enzyme—A TPN-specific glucose-6-P dehy- 
drogenase has been purified from extracts of A. niger (23). An 
assay for this enzyme showed rapid production of TPNH from 
TPN+ by 0.01 ml of extract. It was therefore assumed that 


glucose-6-P was a suitable substrate for TPNH production in a 
malic enzyme assay. 
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TaBLe IV 
Requirements of pyruvate plus ATP system 


In Experiment 1, the tubes for the P-enolpyruvate + ADP 
assay were prepared as described in Table I (complete system), 
excepting that 20 wmoles of cysteine were also added. The cell- 
free extract was dialyzed for 3 hours. In the other assay tubes 
for Experiment 1, the P-enolpyruvate and ADP were omitted, 
but 4 uwmoles of pyruvate or 4 umoles of ATP, or both, were 
added as indicated. The reaction volume was 0.90 ml, and the 
reaction period was 30 minutes. 

The assay tubes for Experiment 2 were similar to those for Ex- 
periment 1. 

The P-enolpyruvate and ADP assay of Experiment 3 has been 
described in Table I. The other tubes for Experiment 3 were 
similar to the comparable tubes described above. 


Total c.p.m. fixed 
Experiment 
No. P-enolpyruvate Pyruvate Pyruvate ATP without 
+ ADP with ATP without ATP pyruvate 
1 38, 900 12,700 18 40 
2 6,590 12,670 31 
3 37, 200 24,050 43 


The assay tubes for malic enzyme contained 100 umoles of 
KCl, 100 umoles of Tris buffer (pH 7.5), 232,500 c.p.m. NazC™Os, 
20 umoles of cysteine, 20 umoles of MnSQ,, 4 umoles of sodium 
pyruvate, 1 umole of TPN*, 10 uwmoles of glucose-6-P, and 0.5 ml 
dialyzed cell-free extract. The reaction volume was 1.16 ml, the 
incubation temperature was 35°, and the reaction period was 30 
minutes. P-enolpyruvate plus ADP replaced the pyruvate in 
one tube. Although the tube with the phosphoenol fixed con- 
siderable radioactivity, the tube with pyruvate fixed only a 


‘negligible amount. The same result was obtained several times. 


This result does not agree with Ramakrishnan’s report (24) 
that extracts of A. niger N.R.C. 233 (t.e. 72-4) contain malic en- 
zyme. It is possible that malic enzyme was originally present, 
but was destroyed before the extract was assayed. Another 
possibility is that the glucose-6-P dehydrogenase may have been 
completely inhibited by the Mn++ that was present (23). On 
the other hand, Ramakrishnan’s assay procedure was such that 
he may have really been measuring malic dehydrogenase activity. 

CO, Fization with Pyruvate as Substrate—An investigation was 
made of the possibility that P-enolpyruvate plus ADP might un- 
dergo the pyruvic kinase reaction, and that the products, pyru- 
vate plus ATP, might be the actual reactants in the CO-fixing 
step. The results of experiments with pyruvate and ATP are 
recorded in Table IV. It was found that the cell-free extract con- 
tained an enzyme system that was capable of fixing COz when 
both pyruvate and ATP were present. In most experiments, the 
P-enolpyruvate + ADP system fixed 1.3 to 2 times more C“O, 
(during the first 30 minutes) than the pyruvate + ATP system. 
In several experiments, however, the pyruvate + ATP system 
fixed more CO, than the P-enolpyruvate + ADP system. 

The activity of the pyruvate + ATP system seemed to be more 
stable during dialysis. In one experiment, the P-enolpyruvate + 
ADP system fixed 21,000 c.p.m. before dialysis, and only 2,470 
c.p.m. after 3 hours of dialysis. In contrast, the pyruvate + 
ATP system fixed 12,480 c.p.m. before dialysis, and 3,590 ¢.p.m. 
after the dialysis period. Thus, after dialysis, the relative ac- 
tivities of the 2 systems were reversed. 

Another difference between the two systems is recorded in Ta- 
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TABLE V 


Effect of K* on P-enolpyruvate + ADP and 
pyruvate ATP systems 

All the assay tubes contained 20 wmoles of MgSQ,, 100 umoles 
of Tris buffer (pH 7.5), 232,500 c.p.m. Na2C“O;, 20 umoles of cys- 
teine, and 0.5 ml of nondialyzed cell-free extract. Tubes 1 and 
3 also contained 4 ywmoles of P-enolpyruvate, and 4 pmoles of 
ADP. Tubes 2 and 3 also contained 4 wmoles of pyruvate and 
4 umoles of ATP. The reaction volume was 1.10 ml, and the in- 
cubation period was 30 minutes. 


Total c.p.m. fixed 
Tube No. CO:-fixing system 

With 100 | Without 

umoles K* 

1 P-enolpyruvate + ADP 12,400 | 5,760 

2 Pyruvate + ATP 6,570 | 4,320 

Sum of 1 + 2 18,970 | 10,080 

3 P-enolpyruvate + ADP + | 18,210 | 10,110 
Pyruvate + ATP 


ble V. It was found that both systems were stimulated by Kt, 
but that the P-enolpyruvate system was stimulated to a greater 
degree. It was also found that when P-enolpyruvate, ADP, py- 
ruvate, and ATP were all incubated in the same reaction vessel, 
the amount of CO, fixed was equal to the sum of the fixation 
obtained by the P-enolpyruvate system and the pyruvate system 
reacting in separate vessels. This relationship held both in the 
presence or absence of added K*. 

Paper chromatography of the radioactive products showed that 
both the P-enolpyruvate and the pyruvate systems produced the 
same radioactive products, and that the distribution of radioac- 
tivity in the products was identical for both systems. Thus, it 
seems probable that the pyruvate system also produces oxaloace- 
tate as the initial radioactive product. 


DISCUSSION 


The P-enolpyruvate carboxykinase found in A. niger appears 
to be similar to the enzyme found in plants (5) and yeast (6), in 
that ADP is the probable phosphate acceptor. In contrast, the 
enzyme that is found in animal liver (25, 26) requires IDP or 
GDP as the phosphate acceptor. 

The CO,-fixing system involving pyruvate and ATP might be 
a new system. If pyruvate first had to be converted to P-enol- 
pyruvate before reacting with CO:2, one would expect that the re- 
action with added phosphoenol plus ADP would always be faster 
than the reaction with added pyruvate plus ATP. Incubation 
of 4 umoles of ATP and 4 wmoles of pyruvate in the presence of 
pyruvic kinase would result in the formation of about 0.08 umole 
of both P-enolpyruvate and ADP at equilibrium (25°, pH 7.5, 
in 0.15 m NaCl) (22). During the initial part of the reaction 
period, the phosphoenol concentration would be very low, and 
the rate of the carboxykinase reaction would be low. This 
should result in a lower fixation rate with pyruvate plus ATP, 
than for P-enolpyruvate plus ADP. The observation that pyru- 
vate plus ATP sometimes fixes more radioactive CO2 than P-enol- 
pyruvate plus ADP, indicates that the pyruvate is not converted 
to the phosphoenol before the COzis fixed. If, on the other hand, 
P-enolpyruvate and ADP reacted with CO; only after conversion 
to pyruvate and ATP, P-enolpyruvate-ADP would not have 
given a greater fixation rate than pyruvate-ATP (Tables IV 
and V). 
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The data in Table V provide further evidence for the above 
conclusions. Incubation of 4 uwmoles each of P-enolpyruvate, 
ADP, pyruvate, and ATP, with a catalytic amount of pyruvic 
kinase, would result in the net formation of more pyruvate and 
ATP, but not the reverse reaction. If one assumed that the 
carboxykinase reaction was responsible for fixing the COs in all 
the tubes in Table V, one would expect that Tubes 1 and 3 
would fix the same amount of CO2 during the 30-minute reaction 
period. The fact that the fixation rate in Tube 3 was equal to 
the sum of the fixation rates in Tubes 1 plus 2 indicates that the 
pyruvic acid and ATP were not first converted to P-enolpyruvate 
and ADP, but that they reacted by way of an independent sys- 
stem. 

The equilibrium constant for the carboxykinase reaction is 
4.88  10-? atmosphere- (25°, pH 7.5, in 0.15 m NaCl) (22). If 
one assumes that the fixation of CO, onto pyruvate results in the 
formation of oxaloacetate, and in the expenditure of one high 
energy phosphate bond, an equation can be written for the reac- 
tion (Equation 6): 

Pyruvate- + CO. + + H.O = oxaloacetate= 

+ ADP" + HPO.= + 2H* 
The equilibrium constant for the reaction would be 81.8 m per 
atmosphere (25°, pH 7.5, in 0.15 m NaCl) (22). This reaction 


would be able to form oxaloacetate more readily than the P-enol- 
pyruvate carboxykinase reaction. 


(6) 


SUMMARY 


Cell-free extracts of Aspergillus niger 72-4 probably contain 
two different systems for synthesizing C,-dicarboxylic acids by 
condensing CO: with 3-carbon units. One of these systems ap- 
pears to be identical with the phosphoenol pyruvate carboxylase 
kinase system found in plants and yeast. The system requires 
phosphoenol pyruvate, adenosine diphosphate, Mgt*+ or Mn**, 
and K+ or NH,*. Inosine diphosphate was much less effective 
than adenosine diphosphate, and Nat or Lit* could not replace 
K+. The Michaelis constant for K+ was 0.037 molar. 

The reaction was measured by determining the amount of 
CO, fixed. The major radioactive products were identified by 
paper chromatography as aspartic, malic, and fumaric acids. 
Oxaloacetate accounted for only 0.47% of the radioactivity. By 
indirect methods, it was possible to show that oxaloacetate prob- 
ably was the initial radioactive product. The oxaloacetate ap- 
pears to be reduced to malate by malic dehydrogenase, while the 
malate is in equilibrium with fumarate. The aspartate appears 
to arise from oxaloacetate by transamination. 

The second CO--fixing system involves pyruvate and adenosine 
triphosphate, and probably yields oxaloacetate as the initial ra- 
dioactive product. The major radioactive products were aspar- 
tate, malate, and fumarate, and were found to be present in the 
same ratios as in the phosphoenol pyruvate plus adenosine di- 
phosphate system. 

Glucose 6-phosphate dehydrogenase was present in the extract, 
but no malic enzyme activity was detected. The enzymatic 
fixation of CO2 onto phosphoenol pyruvate to form oxaloacetate 
and inorganic phosphate could not be detected. 
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Studies on Cerebrospinal Fluid 


I. QUANTITATIVE FRACTIONATION OF CARBOHYDRATE CONSTITUENTS 
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Few quantitative data are available on the organic constit- 
uents of the cerebrospinal fluid (1). Preliminary to studies on 
the biosynthetic origins and functional significance of the glyco- 
proteins of cerebrospinal fluid it was desirable to develop analyti- 
cal methods applicable to small individual samples of this fluid. 
The development of such methods is made difficult because of 
the relatively low concentration of most organic substances in 
CSF.'! The lack of ready exchange of many substances between 
the blood and the CSF and between the blood and the brain (2), 
as compared to the exchange that occurs between blood and other 
tissues, provides the central nervous system with a degree of 
autonomy that implies the presence of specialized transport and 
synthetic mechanisms. 

Previous work in this laboratory on the structure of brain 
ganglioside (3, 4) and on its physiological properties in relation 
to excitable membrane function (5) and viral infections of the 
brain (6, 7) suggested that a search for related carbohydrate 
groupings in the CSF would be of interest. The CSF is the only 
part of the nervous system at present which can be repeatedly 
sampled in both man and animals without unphysiological effects. 
The present communication describes methods that have been 
developed for the systematic study of the carbohydrate and 
protein constituents of small individual samples of CSF, the 
quantitative partition of these substances, and the relationship 
which has been demonstrated for the concentration of some of 
these substances with reference to age and to possibilities for 
chemical individuality in the nervous system. 


EXPERIMENTAL 


Methods 


Dialysis was performed with prewashed cellophane. Nitrogen 
was determined by a modification of the method of Koch and 
McMeekin as previously described (4); phosphorus by the 
method of Sperry (8); hexose by a modified orcinol H2SO, method 
(9) ; reducing sugar by a modification of the methods of Hagedorn 
and Jensen (10) and Hanes (11); and hexosamine was deter- 
mined after hydrolysis in N HCl for 16 hours by a modified 
Elson-Morgan reaction (4). Neuraminic acid was determined 
by a modification (12) of the Klenk-Bohm reaction (13, 14) and 
by a modification (15) of the thiobarbituric acid reaction (16), 
with the use of crystalline N-acetyl neuraminic acid obtained 
in this laboratory (4) by hydrolytic cleavage of bovine brain 
ganglioside. Jon exchange column chromatography was used 
with Dowex 1-formate (17) and Dowex 3-OH (Dow Chemical 
Company), and Amberlite IRC-120 (Rohm and Haas Company). 


1 The abbreviation used is: CSF, cerebrospinal fluid. 
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Paper electrophoresis was performed with a modified Durrum 
apparatus (Spinco, model R, series D). For paper chroma- 
tography Whatman No. 2 paper was used with downward irriga- 
tion, the solvent system consisted of n-butanol-ethanol-water 
(4:2:1), for 48 to 72 hours. Silver nitrate was used to develop 
reducing substances (18). The glucose oxidase preparation used 
was obtained from Takamine Laboratories, and the procedure 
of Froesch and Renold (19) was modified for use with CSF. The 
total protein content of CSF was determined according to the 
sulfosalicylic acid method (20). 


RESULTS 


Source of Specitmens—lIndividual specimens of human lumbar 
cerebrospinal fluid collected from patients at four separate 
hospitals under sterile conditions in chemically clean containers 
were analyzed within 3 hours after withdrawal; they were re- 
frigerated (but not frozen) in the interim. The volume of lumbar 
fluid varied from 8 to 40 cc, with the most frequent samples 
comprising between 20 and 30 cc. Aliquots were taken for the 
determination of total dry weight, hexose, total protein, cell 
count, and ‘“‘total Bial-positive substances.”” The balance of 
the CSF was lyophilized and treated as described below. 

Bial Orcinol Reaction for Neuraminic Acid in CSF—The Bial 
orcinol reaction (13, 14) is known to be highly sensitive to neur- 
aminic acid. However, it is also known to be subject to inter- 
ference by hexoses which, when present in large excess, produce 
sufficient green color to interfere appreciably with the violet 
color produced by true neuraminic acid in this reaction (21). 
Since a great excess of hexose over neuraminic acid is present in 
whole CSF it was necessary to define the degree of interference 
and to overcome this. Attempts by other investigators to solve 
the problem of monosaccharide interference have included the 
use of correction factors for the optical density produced by the 
quantity of monosaccharide present in CSF, or the use of glucose 
oxidase to remove glucose interference, or both (22-24). That 
these methods cannot be considered adequate is demonstrated 
by the following findings: 

1. If the interference by glucose were a linear function, high 
values of CSF glucose in individual samples should be associated 
with high values of neuraminic acid and vice versa. Table I 
summarizes the finding that there is no relationship between 
these two variables; that is, very high values of glucose are fre- 
quently associated with very low values of neuraminic acid and 
vice versa. 

2. To increasing amounts of dry glucose (50 through 250 yg) 
were added cc. samples of CSF in order to raise the native con- 
centration of glucose by 10 to 50%. This did not result in a 


A 
I 
| 
Be 
2 
| r 
| | 


and 


January 1960 


significant increase (<2 ug per cc CSF) in the value for neur- 
aminic acid determined by the Bial orcinol reaction. Only when 
the total concentration of glucose present had, by addition, 
exceeded the normal range of 40 to 80 mg per 100 ml (25) was 
the further addition of glucose to the CSF detected by the Bial 
reaction. In contrast, the addition of as little as 2.8 ug and 5.4 
ug of crystalline neuraminic acid per cc of CSF was linearly and 
quantitatively detected by the Bial orcinol reaction. 

3. The use of glucose oxidase (19, 26) to eliminate glucose 
interference resulted in an inconsistent lowering of the Bial 
reaction from 6.0 to 55.3% in individual samples without relation 
to the actual content of glucose in the CSF. Thus, neither a 
simple correction factor nor the use of glucose oxidase can be 
considered adequate for the determination of true neuraminic 
acid in CSF. An interesting observation with reference to the 
action of glucose oxidase on crystalline neuraminic acid was the 
following: The reducing power normally shown to be possessed 
by neuraminic acid (probably related to its ketonic structure) 
which has been prepared by hydrolysis of macromolecular brain 
ganglioside (4) is quantitatively reduced by approximately 45% 
on incubation for 20 minutes at 25° with glucose oxidase. That 
this effect is not the result of the binding of neuraminic acid by 
the enzyme was shown by the absence of neuraminic acid from 
the enzyme-substrate mixture after dialysis. 

An accurate measure of neuraminic acid which is bound to 
protein can be obtained by means of the quantitative fractiona- 
tion by dialysis here described and briefly reported elsewhere (27, 
28). “Free” or unbound neuraminic acid, if present, can be 
determined after column fractionation of Fraction II, column 
fractionation of whole CSF (as described under “Analysis of 
Fraction II’’), or by the use of the thiobarbituric acid reaction 
on whole CSF. 

Fractionation by Dialysis—Individual lyophilized samples of 
CSF representing 20 to 40 cc of original fluid were weighed, 
taken up in 5 cc of glass-distilled water, and dialyzed in pre- 
washed cellophane bags against 10-cc aliquots of distilled water 
at 0 to 4°. The outside water was changed at intervals of 8 and 
12 hours and collected, until less than 0.5 mg of material was 
obtained in the diffusate. This was usually accomplished by 
the 10th or 11th change. The combined diffusible material 
(Fraction II) was then made up to an exact volume (usually 100 
ec), aliquots taken for analysis of dry weight, nitrogen, phos- 
phorus, hexose, hexosamine, neuraminic acid, and reducing sub- 
stances, and the balance lyophilized for further partition and 
analysis (Fig. 1). 

The nondialyzable material was treated in one of two ways: 
(a) quantitatively transferred by three washings with 0.5 cc of 
water to a volumetric flask and made up to 10 ce with water 
(Fraction I); (6) quantitatively transferred as above to a 12-ml 
tube, centrifuged at 3000 r.p.m. for 10 minutes and the resultant 
supernatant carefully decanted and made up to 10 cc with water 
(Fraction G), leaving the water-insoluble material (Fraction P) 
to be taken up in Veronal buffer pH 8.6 or mild alkaline solution 
for analysis. ‘These nondialyzable fractions were then analyzed 
in the same way as described above for the “combined diffusate”’ 
for dry weight, nitrogen, phosphorus, hexose, hexosamine, and 
neuraminic acid. 

The recovery of total solids was 100.9% (+8.8%) and the 
recovery of hexose (as glucose) was 98.4% (+16.0%). 

Analysis of Fraction II (Combined Diffusate)—The concentra- 
tion of nitrogen, phosphorus, hexose, and total reducing sub- 
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TABLE 


Lack of relationship of total Bial reaction to content of hexose and 
protein in individual specimens of CSF 


Hexose Protein 
Bial-positive -- | No. 
material Range | Mean | Range — i 
mg/100 ml | mg/100 ml 
74.0 | 59.2 36.4 | 1 
71.0 80.8 25.5 1 
62.0 99.2 168.3 1 
52.0 69.0—- 76.0 72.9 24.3-— 34.0 | 29.2 2 
48.0 27.6— 65.2 | 42.8 24.7— 31.2 | 28.2 3 
46.0 55.2 30.4 ] 
45.0 53.0-128.4 76.4 21.2—- 51.2 | 34.2 5 
44.0 47.0— 99.8 | 62.6 17.6— 39.2 | 27.3 6 
43.0 18.0—- 78.8 | 57.2 19.6— 61.6 | 38.4 7 
42.0 38.2—- 80.8 | 66.4 15.0- 59.6 27.1 14 
41.0 44.8- 99.6 | 59.2 12.3— 30.4 21.8 14 
40.0 42.4—128.4 66.6 13.7-— 48.0 24.5 34 
39.0 35.0-107.0 | 85.3 16.9— 39.7 23.1 27 
38.0 35.6-125.2 | 63.4 8.0- 62.1 28.1 32 
37.0 26.0-136.0 | 57.4 10.7— 60.0 | 26.1 52 
36.0 34.8-100.0 | 54.9 15.8— 70.0 | 27.2 42 
35.0 35.0-120.0 | 61.9 12.9-108.6 | 27.7 34 
34.0 33.0-155.8 | 63.1 11.2— 54.4 25.5 38 
33.0 18.3- 76.0 | 56.1 9.8— 63.2 | 20.2 23 
32.0 34.8- 78.0 | 52.2 17.2— 84.4 25.5 17 
31.0 45.2- 86.8 | 58.2 10.5- 44.0 | 24.5 14 
30.0 18.8— 82.8 51.8 8.0— 34.9 | 22.5 10 
29.0 39.6 1 
28.0 62.0 34.6 34.6 1 
21.0 34.0 15.3 1 
FRACTIONATION OF CSF 
WHOLE CSF 
Lyophilized 
& Dialyzed 
FRACTION II 


FRACTION I 
(Whole Non-dialyzable ) (Combined Diffusate) 


Centrifugation Column Chromatography 
Fraction G Fraction P Cations Anions Neutral 
Sugars 
Fig. 1 
stances in this fraction are shown in Table II. It may be noted 


from the amount of solids present in nondialyzable material 
(Fraction I) that the dialyzable constituents account for usually 
greater than 95% of the total dry weight of CSF. The majority 
of Fraction II is composed of inorganic ions, chiefly sodium and 
chloride (1). The nitrogen content varies from 0.5 to 5.60% by 
weight, but there is no amino sugar demonstrable in dialyzable 
form. The data show that hexosamine is absent from CSF in 
dialyzable form; all of the hexosamine content of whole CSF 
represents that bound to nondialyzable macromolecules (Table 
II). 
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TABLE II 
Analysis of Fractions II, I, P, and G* 
Fraction Total solids N P Hexose (as glucose) wer i PI Neuraminic acid 
me/co CSF % % %o % % 
Il 10.58 4 1.93 1.70 ade 1.39 0.18 a+ 0.14 5.38 de 2.63 7.16 ae 2.56 0 
(N = 16) (N = 11) (N = 15) (N = 11) (N = 16) (N = 17) 
i 0.442 + 0.164 13.4 de 2.6 0.57 + 0.47 5.28 + 4.97 3.46 a 3.5 3.12 + 1.37 
(N = 11) (N = 3) (N = 7) (N = 8) (N = 8) (N = 11) 
P 0.029 + 0.018 14.9 + 10.0 3.17 + 1.56 2.43 a 1.19 
(N = 90) (N = 90) (N = 80) (N = 90) 
G 0.355 + 0.145 14.40 + 2.99 0.51 + 0.31 6.65 4: 5.07 3.68 + 2.40 2.20 + 0.78 
(N = 196) (N = 64) (N = 15) (N = 165) (N = 170) (N = 189) 


* The first value listed for each parameter is the mean, the second the standard deviation of the mean, and the third (N) the number 


of individual cases analyzed. 


The hexose content varies from 2 to 14.3% (mean 5.38). This 
should be compared to the hexose content of Fraction G. The 
reducing sugar values of the combined diffusate are usually, 
although not always, in excess of the value obtained for the 
hexose content. The phosphorus content of the combined 
diffusate varies from 0.05 to 0.6%. Application of the Bial 
reaction to the combined diffusate resulted in the production of 
only a green color (characteristic of that produced by glucose). 
No violet reaction typical of neuraminic acid was observed. The 
presence of very minute quantities of neuraminic acid (less than 
0.01%) could not be excluded by this observation on combined 
diffusate material which had not been further fractionated. 

Although it was obvious that most of the Bial-positive material 
in Fraction II was not neuraminic acid, several attempts were 
made to isolate true neuraminic acid by solvent partition and 
column chromatography. With large quantities of lyophilized 
Fraction II (between 2 and 3 g per run) the fraction was first 
extracted with warm methanol (30-35°), the methanol removed 
by vacuum distillation, and the residue taken up in water and 
applied to a column of Dowex 1-formate prepared according to 
the method of Svennerholm (17). The column was then eluted 
with 0.3 n formic acid, followed by 0.4 N through 1 N formic acid. 
At none of these normalities was there eluted material giving the 
violet color with Bial’s reagent characteristic of neuraminic acid. 
Lyophilized Fraction II was also taken up directly in water and 
applied to the above column with similar negative results. These 
negative results may have resulted from the inability of the 
Dowex 1-formate to take up free neuraminic acid owing to the 
great excess of chloride ions present; this was tested by passing 
Fraction II first through a column of Amberlite IRC-120 to re- 
move sodium ions, then through Dowex 3-OH, which was first 
shown to remove chloride ions but not neuraminic acid, then 
Dowex 1-formate. Traces of free neuraminic acid can be de- 
tected in this manner when present in CSF, and these traces (0 
to 12 wg per cc of CSF) are also detected by the thiobarbituric 
acid reaction in CSF which has not been subjected to prior 
hydrolysis. Detailed studies on Fraction II will be reported in 
a forthcoming communication in this series.” 

Analysis of Fraction I (Whole Nondialyzable)—Data for the 
concentration of total solids, phosphorus, neuraminic acid, 


2 §. Bogoch, P. C. Belval, and P. Evans, unpublished work. 


hexosamine, and hexose are shown in Table II for the total non- 
dialyzable material of CSF. It may be seen that this fraction 
accounts for approximately 5% of the total solids and has a 
nitrogen concentration characteristic of protein and glycoprotein 
fractions. The hexosamine content varies between 0.6 and 
11.3% (mean 3.46). The hexose content varies from 1.3 to 
16.4% (mean 5.28). 

Analysis of Fraction P—Although this insoluble fraction repre- 
sents only approximately 6% by weight of Fraction I, it is of 
some interest because it contains considerable hexose (Table IT) 
when compared with the water-soluble Fraction G. 

Analysis of Fraction G—This fraction represents the non- 
dialyzable material soluble in water at the conditions of vanishing 
ionic strength attained in the exhaustive dialysis procedure. It 
represents approximately 94% of the mother fraction, Fraction 
I; the remaining water-insoluble material, Fraction P, represents 
the balance. Table II shows the results for the analysis of 
Fraction G. From the percentage of concentration absolute 
values for the concentration of neuraminic acid, hexosamine, and 
hexose per cc of original CSF have been obtained (Figs. 2, 4, 5). 
These values may be compared with those obtained by different 
methods for CSF hexosamine (29) and neuraminic acid (30-31). 

The concentration of neuraminic acid present in Fraction G 
has been expressed as micrograms of neuraminic acid per cc of 
original whole CSF. Fig. 2 shows the relationship of Fraction 
G neuraminic acid to the total Bial-positive material in individual 
samples of CSF. It may be seen that there is a general relation- 
ship between these two quantities, that is, samples of CSF which 
show high values for total Bial-positive material tend to demon- 
strate on fractionation by dialysis high values for the neuraminic 
acid of Fraction G, and vice versa. This relationship, taken 
together with the fact that the non-neuraminic acid Bial-positive 
substances in CSF produce a relatively constant interference in 
the Bial reaction for whole CSF, accounts for the fact that 
differences between specimens in the total Bial-positive values 
are for the most part determined by differences in Fraction G 
neuraminic acid. It may be noted that the range of concentra- 
tion of the Fraction G neuraminic acid is from 2 to 14 ug per cc 
of whole CSF, and the range of concentration of free neuraminic 
acid is 0 to 12 w per cc, whereas interfering monosaccharides 
account for the balance of the total Bial reaction in whole CSF. 
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Hydrolysis of Fraction G—Lyophilized Fraction G material, 
300 mg, dissolved in distilled water as a 2% solution, was heated 
at 100° for 20 minutes, cooled, then dialyzed in a prewashed 
cellophane bag against distilled water at 2°. Collection and 
analysis of the diffusible material showed that no neuraminic acid 
had been released from the macromolecular material. The still 
nondialyzable material was then subjected to hydrolysis with 
0.08 N HCl at 100° in an open tube for 20 minutes, the hy- 
drolyzate cooled, and dialyzed to completion as before. Analysis 
of the diffusible material now revealed that 65% of the original 
neuraminic acid of the macromolecular fraction had been released 
in dialyzable form, together with 60% of the original hexosamine, 
but only 8% of the original hexose. Comparison of these results 
with the hydrolytic behavior of brain ganglioside (4) suggests 
that in the CSF glycoproteins as well, the neuraminic acid and 
hexosamine moieties are more peripherally located, or at least 
more available to mild acid hydrolysis, than are the hexose 
moieties of the macromolecules. 

This is further suggested by the experiments in which hy- 
drolysis of Fraction G was performed with stronger acid (2 N 
HCl) for shorter periods (5 and 15 minutes) in sealed tubes at 
100°, dried in a vacuum over NaOH and CaCh, then subjected 
to paper chromatography. After 5 minutes of hydrolysis hexos- 
amine (and some degraded neuraminic acid) alone are promi- 
nent, with very slight amounts of galactose visible. After 15 
minutes, the hexosamine spot is slightly darker, but galactose 
and now mannose (and small traces of glucose) are clearly visible. 
Quantitative elution of these spots supported this visible order 
of appearance of constituents. Application of these methods to 
the structural determination of purified CSF glycoprotein frac- 
tions is in progress. 

Electrophoresis and Quantitative Elution of Fraction G—Frac- 
tion G in quantities of 1 to 4 mg was studied by means of paper 
electrophoresis at pH 8.6. Electrophoretic bands corresponding 
in position to the y-globulin, 6-globulin, and albumin fractions 
of blood serum were obtained, with relatively small representa- 
tion of a2 and qa, globulins. In addition, a fraction running in 
front of albumin (“pre-albumin’”’) (32) was well marked in most 
specimens. For elution, after completion of the electrophoretic 
separation, the strips were dried in air at room temperature. 
The lateral one-fifth of each strip was removed, oven-dried at 
120° for 30 minutes, then stained. The stained strip was used 
as a guide for cutting and elution of the neighboring four-fifths 
of the strip. This procedure militated against variations from 
strip to strip interfering with the exact localization of fractions 
ineach strip. Each strip was eluted for 1 hour with 1 cc of water. 
Paper blanks, corrected for size, were taken for both hexose and 
neuraminic acid determinations in each strip. Table III shows 
the distribution of hexose in the various electrophoretic fractions 
for some combined groups of Fraction G. While the elution 
method can be considered quantitative only to within +20%, 
there is good qualitative indication of the concentration of hexose 
in various subfractions. Group J (normal subjects) shows most 
hexose in the az + a globulin fraction with little hexose in the 
8-globulin fraction. The distribution of neuraminic acid appears 
to parallel that of the hexoses since the highest amount of neur- 
aminic acid is also localized in the az and a, globulin regions. 
This selective distribution is even more marked when it is re- 
called that the az and a, globulins account for only 5 to 10% of 
the total protein of CSF (32). On the other hand, groups from 


pathological specimens appear to show considerable hexose in 
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TOTAL BIAL- POSITIVE MATERIAL, ¥/cc CSF 


FRACTION G NEURAMINIC ACID X/cc CSF 


Fic. 2. Relationship of the quantity of original total Bial-posi- 
tive material to the quantity of Fraction G-derived neuraminic 
acid in individual CSF specimens. The line is drawn through the 
means of the values for Fraction G at each level of total Bial-posi- 
tive material from 33 through 48 ug per cc. 


TABLE III 


Electrophoresis and quantitative elution of hexoses and neuraminic 
acid of Fraction G 


Normal specimens* 


xt | Albumin PS 

Hexose 13.0 0 47.4 33.4 6.4 
229 1.0 56.5 18.7 16.6 

29.2 8.5 37.0 21.6 37.6 

8.9 17.7 46.7 25.2 33.8 

Neuraminic acid 30.0 0 48.5 10.5 10.9 
25.6 16.9 26.1 22.4 9.0 

17.4 10.2 42.1 26.0 4.3 

Neuropsychiatric disorders*{ 

Hexose 19.8 34.8 38.3 0.9 6.2 
11.7 75.0 4.7 6.5 2.1 

2.4 48.5 3.6 45.6 0 

23.7 25.2 8.8 19.7 22.6 

2.0 45.5 20.1 0 32.4 

41.2 45.2 2.4 8.6 | 4.7 


* Percentages of total eluted. 

Tt vy, 8B, and az + a refer to fractions which show the same mo- 
bilities as the respective globulin fractions in human blood serum. 

t Pooled samples from groups of 10 acute and chronic mental 
hospital patients 80% of whom had the diagnosis of schizophrenia. 


the 8-globulin zone and less in the az + a globulin zones. By 
further refinement of this technique it may be possible to draw 
correlations between the relative ratiqs hexose-hexosamine- 
neuraminic acid on the one hand, and the distribution of carbo- 
hydrates in electrophoretic subfractions on the other. 
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Molar Ratios Hexose-Hexosamine-Neuraminic Acid for Fraction 
G—Table IV lists the molar ratios of the above three constituents 
calculated from the quantitative values of their concentration in 
Fraction G of individual specimens of CSF. While it was ex- 
pected from the studies of others on blood (33) that these ratios 
would be reasonably consistent, it was observed that in the case 
of CSF there is a marked variation in the ratios of individual 
subjects. ‘The molar concentrations of hexose-hexosamine were 
shown to vary from less than 1:1 to almost 10:1. Table IV 
shows that the most common ratio is approximately 1:1, with 2:1 
being next most common, these two types comprising approxi- 


TABLE IV 


Molar quantities and ratios of hexose, hexosamine, and neuraminic 
acid in Fraction G of individual specimens of CSF 


| Molar ratios 
Total solids in | Molar ratio 
Fraction G exose- Hexosamine- Neuraminic hexose-hexosamine 
(as glucose) (as aci 
galactosamine) 
mg/cc CSF 
0.338 1.4 5.6 1 0.25 
0.331 1.8 2.8 1 0.65 
0.490 3.5 5.2 1 0.69 
0.530 1.3 1.8 1 0.72 
0.616 2.9 3.8 1 0.76 
0.320 3.8 4.8 1 0.79 
0.658 2.7 3.0 1 0.90 
0.450 3.2 3.6 1 0.91 
0.314 2.2 2.2 1 1.00 (1:1) 
0.734 2.7 2.7 1 1.00 
0.292 3.7 3.9 1 1.06 
0.323 3.4 3.1 1 1.10 
0.275 4.7 4.1 1 1.15 
0.335 3.8 3.2 1 1.19 
0.159 4.6 3.9 1 1.18 
0.371 3.6 3.0 1 1.20 
0.499 4.2 3.4 1 1.24 
0.150 4.5 3.6 1 1.25 
0.274 5.0 3.8 1 1.32 
0.178 2.9 2.0 1 1.45 
0.278 7.4 4.2 1 1.76 
0.428 6.9 3.9 1 1.76 
0.403 5.4 2.8 1 1.93 (2:1) 
0.192 5.0 2.3 1 2.17 
0.308 5.7 2.6 1 2.19 
0.424 6.2 2.8 1 2.22 
0.179 3.2 1.4 1 2.28 
0.345 4.3 1.9 1 2.30 
0.354 14.4 6.2 1 2.32 
0.434 6.1 2.6 1 2.34 
0.403 6.6 2.7 1 2.44 
0.374 10.3 3.6 1 2.80 
0.187 5.0 1 2.94 
0.425 9.9 3.3 1 3.00 (3:1) 
0.543 7.7 2.4 1 3.20 
0.296 3.3 1.0 1 3.30 
0.278 34.4 9.9 1 3.48 
0.538 5.3 1.3 1 4.07 (4:1) 
0.142 8.7 2.1 1 4.20 
0.480 6.1 1 5.55 
0.276 6.7 1.1 1 6.09 (6:1) 
0.428 13.6 2.2 1 6.18 
0.594 6.7 0.7 1 9.58 (10:1) 
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Fic. 3. Relationship of quantity of total solids in individual 
specimens of CSF to the age of the subject. The lines indicate 
the common range of values observed with increasing age. 


mately 50% of the total. Ratios of 3:1, 4:1, 6:1, and 10:1 were 
also observed. Hexose-hexosamine ratios of approximately 1:1 
can encompass ratios of 2.2:2.2:1 through 4.7:4.1:1 relative to 
the molar concentration of neuraminic acid as unity. Similarly, 
ratios of approximately 3:1 can encompass ratios of 3.3:1.0:1 
through 9.9:3.3:1. Table IV shows that these ratios are not a 
function of the total amount of Fraction G which is present in a 
given CSF. These ratios therefore indicate a specific increment 
of hexose and hexosamine, independently or together, in relation 
to neuraminic acid. The possibility of wide individual variation 
in the concentration pattern of the nondialyzable carbohydrate 
constituents of the CSF is therefore apparent. 

Relation of Total Solids, Hexosamine, and Hexose Concentrations 
to Age of Subject—Fig. 3 shows the relationship of the total solids 
in CSF to the age of the subject. It may be seen that there is a 
tendency to an increase in the concentration of the total solids 
after the second decade. This finding is of interest with relation 
to the concentration of specific carbohydrate components. Fig. 
4 shows the relation of the Fraction G-derived hexosamine con- 
centration in CSF to the age of the subject. It may be seen 
that there is a tendency for the hexosamine concentration to 
increase with age beyond the second decade. It also may be 


noted from Fig. 4 that there are certain subjects who deviate 


markedly from the mean in their absolute concentration of 
hexosamine. 

The line drawn through the major group of points in Fig. 4 
represents the average tendency to an increase in the concentra- 
tion of hexosamine in CSF with advancing age. Fig. 5 shows 
the relation of the experimentally determined hexose concentra- 
tion of CSF (based on Fraction G) to the age of the subject for 
individual specimens. The coordinates of Fig. 5 are identical 
to those of Fig.4. There are as yet not sufficient determinations 
between the ages of 1 and 18 years to be certain of a develop- 
mental pattern during this period. The concentrations in the 
third and fourth decades of life tend to be higher than those 
found in later years. 

If the line on Fig. 4 (representing the slope of the increment 
with age in hexosamine) is drawn on Fig. 5, it is seen to pass 
through one group of experimentally determined points. This 
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line may therefore be taken to represent the molar ratios hexose- 
hexosamine of 1:1 (where hexosamine-neuraminic acid is 1:1). 
Further theoretical lines can now be drawn on the basis of this 
first line which would represent theoretical molar ratios of hexose- 
hexosamine of 2:1; 3:1; 4:1; and soon. It may be seen in Fig. 
5 that these theoretical lines transect groups of experimentally 
determined points for the Fraction G-derived hexose concentra- 
tion of CSF. If the relationship of the slope of these lines is 
observed with reference to the age of the subject, it may be seen 
that there is a decreasing tendency for increment in the ratio 
hexose-hexosamine of Fraction G with advancing years; the molar 
ratios of these constituents tend to approach unity after the fifth 
decade. It is important to note that although, as shown in Fig. 
3, there is a slight tendency for an increase in the concentration 
of total solids in the CSF during the same period as that in 
which there is a tendency for an increase in the concentration of 
hexosamine (Fig. 4), the tendency for an increased concentration 
of hexose relative to hexosamine is apparent. This represents 
specific hexose enrichment of this nondialyzable fraction of CSF. 


DISCUSSION 


The work here reported represents the beginning of an ap- 
proach to the quantitative chemical characterization pf the 
organic constituents of the cerebrospinal fluid with special refer- 
ence to the carbohydrate constituents. In addition to having 
obtained structural information on this important compartment 
of the central nervous system, the detailed study of the bio- 
synthetic origins of its constituents will now be possible with 
the use of small samples which can be readily and repeatedly ob- 
tained in a given individual. 

The most striking single observation which might be made 
with reference to the data here reported concerns the great 
individual variation encountered both in the absolute quantities 
and in the relative ratios of particular carbohydrate constituents 
of CSF glycoproteins. Whether this potential for individual 
variation reflects genetically determined normal characteristics, 
or specific chemical patterns of particular functional or disease 
processes, or both, is yet to be determined. Since the potential 
demonstrated for individuation of the chemistry here described 
is a property of this compartment of the nervous system, the 
possibility exists that an opportunity is indicated, by means of 
similar studies on other compartments of the nervous system, for 
the definition of chemical bases of individuality. 


SUMMARY 


1. Methods have been outlined for the quantitative fractiona- 
tion by dialysis and column chromatography of the carbohydrates 
of individual specimens of human cerebrospinal fluid (CSF). 

2. Data are given for the content of total solids, nitrogen, 
phosphorus, hexose, hexosamine, and reducing sugar of dialyzable 
and nondialyzable subfractions in relation to the content of 
these substances in unfractionated CSF. 

3. The Bial reaction (for neuraminic acid) has been studied 
inCSF. The total Bial-positive material does not correlate with 
either the total content of protein or the total content of hexose 
in CSF. Although the addition of neuraminic acid to CSF is 
linearly detected, that of glucose to CSF is not linearly detected 
by the Bial reaction. Treatment of CSF with glucose oxidase 


reduces the total value for the Bial reaction, but does not do so 
in a predictable manner, nor in a strict relationship to the original 
content of glucose in the CSF. Glucose oxidase does not dimin- 
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Fic. 4. Relationship of Fraction G-derived hexosamine to the 
age of the subject in individual specimens of CSF. Unusual con- 
centrations of hexosamine are in specimens from patients A 
through E with the following disorders: A, manic psychosis; B, 
Korsakoff’s psychosis; C, involutional paranoia; D, personality 
disorder (drug addiction); FZ, arteriosclerotic brain syndrome. 
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Fic. 5. Relationship of Fraction G-derived hexose to the age 
of the subject in individual specimens of CSF. The line drawn 
through the points in Fig. 4, representing a molar ratio hexosa- 
mine-neuraminic acid of 1:1 is transposed to Fig. 5, where it now 
represents a molar ratio hexose-hexosamine of 1:1 (where hexosa- 
mine-neuraminic acid is 1:1). The other lines in Figure 5 thus 
represent molar ratios hexose-hexosamine from 1.5:1 to 6:1 (where 
hexosamine-neuraminic acid is 1:1). For further details see text. 


ish the Bia] reaction given by neuraminic acid, but does lower the 
reducing power of neuraminic acid by approximately 45%. 

4. A nondialyzable water-soluble carbohydrate-containing 
fraction (Fraction G) representing 94% of the whole nondialyz- 
able fraction of CSF and containing neuraminic acid has been 
isolated and studied. The content of neuraminic acid in this 


1) 21 
30 
| 25 
20 
O 
24 6 8 W i2 4 18 20--30--40--50--60--70--80--90 
ual 
ate 
ere 
l:1 | 
to | 
ly, 
a 
a 
ont 
on 
on 
ite 
ds | 
a 
ds 
on. 
n- 
he 
of 
4 
il 
| 
e 


22 Studies on Cerebrospinal Fluid. I 


fraction tends to parallel the total content of Bial-positive ma- 
terial of whole CSF. 

5. All of the hexosamine in CSF is nondialyzable. 

6. The distribution of the constituent hexoses and neuraminic 
acid in electrophoretic subfractions of Fraction G has been 
studied. 

7. Optimal conditions for the hydrolytic release of the con- 
stituent carbohydrates of Fraction G have been studied. Neur- 
aminic acid and hexosamine are more readily cleaved than are 
the hexoses, and galactose more readily than is mannose. 

8. The absolute concentrations and the molar ratios hexose- 
hexosamine-neuraminic acid for Fraction G of individual speci- 
mens has been determined. Individuals show variations in these 
ratios ranging from approximately 1:1:1 to 10:1:1. 

9. The total content of solids in the CSF tends to increase with 
age after the second decade. 

10. The concentration of Fraction G-derived hexosamine in- 
creases during the same period. 

11. The concentration of Fraction G-derived hexose also in- 
creases during this period, but even more greatly than does 
hexosamine. The specific increment of hexose to hexosamine 
appears to be more marked in the third and fourth decade; the 
molar ratios of these constituents tend to approach unity after 
the fifth decade. 

12. The possible biological significance of unusual total con- 
centrations of nondialyzable hexose, hexosamine, and neura- 
minic acid and of unusual molar ratios and electrophoretic dis- 
tributions of these substances in CSF is considered. 
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Preliminary reports (1-3) have indicated that galactosamine 
may arise biosynthetically from glucose by means of an epimerase 
type reaction which converts uridine diphosphoacetyl glucos- 
amine to uridine diphosphoacetyl galactosamine. The latter 
compound probably represents the form in which galactosamine 
residues are transferred to polysaccharide chains. Direct phos- 
phorylation of galactosamine to form galactosamine 1-phosphate 
has been reported to be catalyzed by extracts of liver or of galac- 
tose-adapted yeast (4). Galactosamine 6-phosphate has been 
prepared synthetically and shown to be a substrate for a purified 
acetylase which forms N-acetyl hexosamine 6-phosphates from 
the respective hexosamine phosphates and acetyl-CoA (5). The 
present study was undertaken to clarify the mechanism of ga- 
lactosamine activation and to ascertain whether galactosamine 
6-phosphate is a normal intermediate in the metabolism of this 
sugar. Since Aspergillus parasiticus is known to produce a 
polysaccharide which contains galactosamine (6), extracts of 
this organism were examined for kinase activity with p-galac- 
tosamine as substrate. 


EXPERIMENTAL 


and Methods 


p-Galactosamine was prepared from cartilage powder by the 
method of Roseman (7); all other carbohydrates were obtained 
from Pfanstiehl Laboratories; nucleotides, lactic dehydrogenase, 
and other chemicals were obtained from commercial sources. 
Kinase activity was measured with p-galactosamine as substrate 
by coupling ADP production to pyruvate kinase and lactic de- 
hydrogenase and following the decrease in optical density at 340 
mu indicative of the oxidation of DPNH (7a). Crude extracts 
contained sufficient DPNH oxidizing potential or ATPase ac- 
tivity so that routine controls included a cuvette containing no 
substrate; after the acetone step, this was no longer necessary. 
Occasional measurement of free sugar or hexosamine disappear- 
ance (8, 9) by deproteinization and removal of phosphorylated 
compounds with Ba(OH). and ZnSO, indicated that the stoichi- 
ometry of the ADP assay was satisfactory. Enzyme concentra- 
tions were selected to give rates that were linear for at least 5 
minutes. Periodate oxidations were performed as described 
(10); glycolaldehyde phosphate was identified colorimetrically 
(11) after adsorption and elution from Dowex 1-X8 formate 
resin (12) and by chromatography of the bisulfite addition com- 
plex as described by Ballou (13). Hexosamine phosphate N- 
acetvlase from Neurospora crassa was purified through Step 3 


* This work was supported by research grants (A-2903 and 
RG-H-MH-A-B-5385) from the National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland. 


(14) and acetylamino sugars estimated by the method of Reissig 
et al. (15). Protein was measured by a spectrophotometric 
method (16). 


Purification of Enzyme 


Unless otherwise noted, all operations were carried out at 
0-2° and centrifugations for 10 minutes at 2,400 x g. Aspergil- 
lus parasiticus 1018 was grown with vigorous aeration on a su- 
crose-salts medium from spore inocula (17). Mycelia were 
harvested after 40 hours of growth, washed exhaustively with 
water, and extracted in portions of 25 g by grinding in a Waring 
Blendor for 3 minutes with 3 volumes of cold 0.15 m KCl con- 
taining 5 X 10-‘M glutathione. The resulting suspension was 
centrifuged at 18,000 x g for 10 minutes and the supernatant 
solution designated crude extract. Generally, 200 g of mycelia 
have been processed in this manner and the combined residues 
extracted with an additional 100 ml of KCl-glutathione. 

The crude extract was treated with 0.1 volume of 2% prota- 
mine sulfate and after standing for 10 minutes in an ice bath, 
the precipitate was removed by centrifugation and discarded. 
The supernatant solution was brought to 0.50 ammonium sulfate 
saturation by addition of the solid salt and the resulting precipi- 
tate removed after 30 minutes and discarded. Additional am- 
monium sulfate was added until the concentration reached 0.70 
saturation and after standing for 15 minutes the precipitate was 
harvested by centrifugation and dissolved in 20 ml of ice water. 
It is essential that the purification be carried to this step as 
promptly as possible since the crude mold extract contains mate- 
rials, probably proteases, which rapidly inactivate the kinase. 
The solution resulting from the above was made 0.05 M in potas- 
sium acetate and acetone, precooled to —10°, was added with 
efficient stirring (to maintain temperatures below 0°) until 30% 
concentration was reached. The precipitate formed was re- 
moved by centrifugation and dissolved in 0.1 m phosphate buffer, 
pH 7.5. Additional acetone fractions were obtained at 38, 46, 
and 55% acetone concentration. The majority of recoverable 
activity was found in the 38 to 46% fraction, although significant 
quantities of enzyme may be present in either of the other two 
fractions. 

The dissolved acetone precipitate was treated with an equal 
volume of alumina gel C vy (18) (18 mg of solids per ml) and 
after 15 minutes, the gel was removed by centrifugation and 
discarded. The supernatant solution was treated with sufficient 
solid ammonium sulfate to reach 60% saturation, any precipitate 
that formed was discarded, and the ammonium sulfate concen- 
tration raised to 80% saturation. The resulting precipitate was 
harvested and dissolved in the minimal volume of water. The 
enzyme at this stage is stable for at least 30 days when stored 
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at —16°. A summary of the purification procedure is presented galactosamine are phosphorylated at approximately 80% of the 


in Table I. rate of the corresponding sugars with the p-gluco configuration, 
RESULTS AND DISCUSSION This is in marked contrast to the comparable activities reported | 
brai h i is th i 
of the or yeast hexokinase as is the relatively slower rate for 
fractions are listed in Table II. As may be seen, galactose and ; ( 
TaBLE III 
Puri ; A i Comparison of kinase activities as measured by ADP production 
urification of Aspergillus hexokinase and by glycolaldehyde phosphate production after periodate 
Purification step Total units* | Recovery activityt 
Substrate Glycolaldehyde-PO, ADP 
% 
Crude extract................ 1,000 0.8 1.00 1.00 
Protamine supernatant p-Galactose................... 0.82 g.88 
Ammonium sulfate I, (50 to p-Glucosamine................ 0.71 0.55 ‘ 
70% saturation)............ 895 90 7.1 p-Galactosamine.............. 0.59 0.41 
Acetone, 38 to 46%........... 440 44 65 id P 
Alumina C y supernatant.... 425 43 80 * p-Glucose values set at 1.00. 
Ammonium sulfate II (60 to Cc 
80% saturation)............ 330 33 180 p 
* One unit represents an optical density change at 340 mu of f d 
1.00 per minute. > tl 
t Micromoles of substrate phosphorylated per mg of protein 
per hour; p-galactosamine was used as substrate throughout the => C rs 
purification procedure. For assay details, see text. 5 / D 
60+ re 
TaBLe II 
Substrate specificities of crude and purified kinase. Relative = SS 
rates based on p-glucose = 1.00 q 
= 
Rate x A 
Substrate 20r B pp 7 m 
Crude* | | Yeast( 19) | 
O a” 
p-Glucose........... 1.00 1.00 1.00 1.00 su 
p-Galactose......... 0.86 0.88 0.00 0.02 PH pa 
p-Glucosamine......./ 0.58 0.55 0.75 0.60 Fic. 2. Variation of kinase activities with pH. Phosphate 
p-Galactosamine..... 0.40 0.41 0.00 0.00 buffer, 0.1 M, was used except at pH 8.5 and 9.0 where glycine di 
p-Mannose.......... 0.67 0.64 0.50 0.40 buffer was employed. Curves A and B represent glucose and 
p-Fructose.......... 0. 0.28 2.0 1.5 galactose as substrates, respectively; Curves C and D represent - 
L-Sorbose............ 0.02 0.02 0.00 0 glucosamine and galactosamine as substrates, respectively. tic 
L-Arabinose......... 0.08 0.04 0.00 0.10 
* Rates are maximal initial velocities; for details of assay 
method, see text. 
C 
V B 
20 
10) 
10 480 520 560 3 | 
600 640 20760 x10 | 
WAVELENGTH, my. 


Fig. 3. Variation of activity with substrate concentration. 

Fic. 1. Absorption spectra of iodate (X——X), periodate Data plotted according to Lineweaver and Burk (26). Curve A, 

(O——O), and glycolaldehyde phosphate (@——-@) after reac- ov-glucose (Kn = 1.6 X 10~‘); Curve B, p-galactose (Km = 2.1 X 

tion with diphenylamine reagent (11). Concentration is 2 KX 10-4 10-‘); Curve C, p-glucosamine (Km = 3.4 X 10‘); Curve D, p-ga- 
M in each case. lactosamine (Km, = 4.3 XK 10~4). 
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Since the only previous reports of galactose or galactosamine 
kinase activity indicated that phosphorylation occurred in the 
1-position, identification of the products of kinase action as 
terminal or 6-phosphates was necessary. The mechanism of 
periodate oxidation of sugar phosphates has not been completely 
clarified and it is not certain whether the major products arise 
from the oxidation of the ring or open chain forms of the sugar 
(22-26). Glycolaldehyde phosphate can only arise from peri- 
odate oxidation of terminal aldose phosphates but direct meas- 
urement of glycolaldehyde content on aliquots of periodate 
reaction mixtures is not possible because of the strong interference 
of both periodate and iodate ions (Fig. 1). A comparison of the 
ADP and the glycolaldehyde phosphate assays is presented in 
Table III. Confirmatory evidence for the position of the phos- 
phate group in the hexosamine phosphates was afforded by their 
conversion to acetylhexosamine 6-phosphates by a partially 
purified fungal acetylase. 

The comparable activities towards several substrates in the 
crude and purified enzyme preparations indicate that the phos- 
phorylations are being carried out by a singleenzyme. Attempts 
to resolve activities based on partial inactivation through heat 
denaturation or dialysis were unsuccessful. A comparison of 
the pH activity curves for the purified enzyme with glucose, 
galactose, glucosamine, or galactosamine as substrates is pre- 
sented in Fig. 2. The action pattern of this enzyme may be 
related to the occurrence of glycosidically bound forms of sugars 
with the p-galacto configuration either as cell wall constituents 
or metabolic products of this organism. 


SUMMARY 


1. A hexokinase of broad specificity has been purified approxi- 
mately 200-fold from extracts of Aspergillus parasiticus. 

2. This enzyme phosphorylates p-galactose and p-galac- 
tosamine to yield the respective 6-phosphates. Corresponding 
sugars with the p-gluco configuration are phosphorylated at a 
rate only 20% faster than those with the p-galacto configuration. 

3. The comparable activities during purification, the marked 
difference in action pattern from either brain or yeast hexokinase, 
and the pH activity relationships indicate that the phosphoryla- 
tions are catalyzed by a single enzyme. 
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The present investigations were designed to compare the lipid 
metabolism of diabetic rats with that of controls and to further 
compare the lipid metabolism of alloxan and pancreatectomized 
diabetic animals. 

Although it is generally agreed that there is a decrease in fatty 
acid synthesis in the diabetic animal, grossly divergent results 
have been reported for the sterol phase of lipid metabolism. 
Although Brady and Gurin (1) and Van Bruggen e¢ al. (2) re- 
ported normal or decreased cholesterol labeling from acetate in 
the diabetic, Hotta and Chaikoff (3) reported 10-fold increases 
in hepatic cholesterol labeling in their animals. Earlier studies 
(2) utilized chronic alloxan diabetic rats and since chronic ani- 
mals may well differ from young acute diabetic preparations, 
and since it has been shown (4, 5) that alloxan diabetic dogs and 
rats differ from those pancreatectomized, it appeared necessary 
to determine the effects of these variables on lipid metabolism. 

The conversion of tracer doses of acetate-1-C™ to fatty acid 
and cholesterol was determined in carcass, skin, gut, and liver 
tissues after a single injection of tracer. Serum cholesterol de- 
terminations were made and the radioactivity of the serum cho- 
lesterol was also studied on a number of the animals. The total 
carbon dioxide output and the specific activity of C“O2 expired 
by the animals were measured to ascertain the magnitude of 
acetate activation by these animals. We believe these measure- 
ments on CO; to be pertinent since reported studies on the oxi- 
dation in vivo of acetate in the diabetic animal are limited. The 
many studies in vitro reported on this subject may not reveal 
conditions present in the intact rat since it has been demonstrated 
here (6) that under certain conditions the results from experi- 
ments in vitro may differ greatly from those obtained in vivo. 
The present report demonstrates that a hypercholesterolemia can 
be found in untreated diabetic rats. It is shown that this con- 
dition does not seem to be due to increased cholesterologenesis. 


EXPERIMENTAL 


The animals used in this study were male, Sprague Dawley 
rats (Northwest Rodent Company), weighing approximately 200 
g. Alloxan diabetes was produced by the intramuscular injec- 
tion of 0.06 ml of freshly prepared 10% alloxan monohydrate per 
100 g of rat weight into animals that had been fasted 48 hours. 
Pancreatectomy was performed on animals that had been fasted 


* This investigation was supported largely by contract No. 
At(45-1)-225 of the United States Atomic Energy Commission. A 
preliminary report was presented at the meeting of the Pacific 
Slope Biochemical Conference at Berkeley, August 1957. These 
data are largely from material submitted by Rose K. L. Wong to 
the University of Oregon Medical School in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 


24 hours; the pancreatic tissue was removed with cotton swabs 
to strip off approximately 95% of the diffuse gland. All rats 
were maintained on Purina rat chow; the alloxan rats were fed 
whole chow ad libitum whereas the pancreatectomized rats were 
fed ad libitum with ground chow supplemented with 1% Pan- 
creatin (Merck). All diabetic animals were used 5 to 7 weeks 
after preparation and had fasting blood sugars that exceeded 
165 mg per 100 ml of blood. 

In these studies 12 control animals and 11 diabetic prepara- 
tions were used; the animals were killed 2 hours after injection 
with the tracer acetate. The data on the concentration of lipid 
in the tissues was obtained from not only the animals above but 
from a total of 30 controls, 22 alloxan, and 17 pancreatectomized 
diabetic rats; the additional data were available from the turn- 
over studies presented in the following paper. The data from 
the 11 diabetic animals cannot be grouped or pooled, for as is 
discussed below, the two diabetic preparations are shown to differ 
in a number of the parameters of comparison. 

The nutritional state of the animals was kept uniform at the 
time they were killed since it has been previously established 
that lipid metabolism in vivo is affected by fasting (7, 8) and by 
fasting and refeeding (9). Because of the large food intake of 
the diabetic animals, it was not possible to maintain them on the 
trained feeding regime previously described, but on the day of 
use all animals were fasted for 12 hours, allowed to eat for 1 
hour, and were treated by injection 1 hour postprandially with 
30 to 60 uc of acetate-1-C’ with a specific activity of 0.19 me 
per mg. 

The animals were immediately placed in a metabolism cham- 
ber, carbon dioxide-free air was drawn through the chamber, 
and the entrained CO, was radioassayed in the gas phase with 
a standard Geiger-Miiller counter contained in a special lead 
shield (10). The CO2 was then trapped in NaOH and the 
amount of COs: and its radioactivity determined as BaCOQs. 
After 2 hours, the animals were lightly anesthetized with chloro- 
form, the blood was collected by heart puncture, and the animals 
were decapitated. 

The various tissues were separated, saponified, and fraction- 
ated as described earlier (7), except that instead of separating 
the lipids from the total tissue digest, the digest was made to a 
convenient volume, an aliquot taken, and the aliquot fraction- 
ated using screw-capped tubes and syringes as recently described 
(11). Serum cholesterol was isolated according to Abell et al. 
(12). Fatty acids were determined gravimetrically on a portion 
of the extract and the cholesterol was determined colorimetrically 
(11). All lipid samples were directly plated as infinitely thin 


samples and counted under a D47 Micromil Geiger counter 
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TABLE 
Oxidation of acetate-1-C'4 to CO; by control and diabetic rats 


Figures represent averages + standard error. 


Condition Total CO: output? Specific activity® Incorporation® 

12 14.1 + 0.5 1.52 + 0.06 30.2 + 1.4 — 
0.10 0.001 

5 13.8 + 2.35, 0.104 2.13 + 0.20 0.10¢ 41.2+ 4.15 0.10¢ 
0.10 0.10 0.10 

Pancreatectomized....... 6 16.2 + 2.2 1.65 + 0.294 33.8 + 3.2 


¢ Total mmoles of CO: expired in 2 hours per 100-g rat. 
’ Counts per minute per mmole of CO» X 10-5. 


¢ (Counts per minute per mmole of CO:2) (total mmoles expired in 2 hours) (100)/dose per 100-g rat. 


4 The significance of differences between mean values has been tested by the ¢ test. 


indicate significant differences if 0.05 or less. 


(Nuclear-Chicago). The radioactivities of the acetate dose and 
of the subsequent COz and lipid samples were converted to the 
equivalent of infinitely thick BaCO; plates by the use of factors 
determined here. 


RESULTS 


The significance of apparent differences between the groups 
has been evaluated statistically with the ¢ test at a 0.95 confidence 
level. In general, no significance is attached to differences un- 
less the probability value (p) is less than 0.05. Table I con- 
tains a summary of the data obtained from the CO: collection. 
It is seen that the alloxan and pancreatectomized groups do not 
differ in respect to (a) total CO: output, (b) the specific activity 
of the C“Oz, or (c) in the amount of the dose incorporated into 
CO, The pancreatectomized animals are seen not to differ from 
the controls in any of these three parameters. The alloxan 
preparations did not differ from the controls in total CO. output, 
but they produced CO: of a higher specific activity and thus in- 
corporated more label into the carbon dioxide produced. In 
several cases, the amount of CO: produced seemed to bear an 
inverse relationship to the specific activity of the CO2; however, 
the statistical limits as stated above fail to reveal a precise rela- 
tionship between these measurements. 

The amounts of lipid isolated are presented in Table II, the 
values being expressed in concentration terms to minimize the 
variation in animal weights. The alloxan diabetic and pan- 
createctomized animals have similar cholesterol and fatty acid 
concentrations in all tissues except the gut; here the pancreatec- 
tomized animals have a lower concentration of cholesterol than 
the alloxan animals. The pancreatectomized rats have less 
cholesterol in the gut fraction as compared to normals. The 
alloxan animals differ from the controls in having higher con- 
centrations of skin and serum cholesterol. The pancreatecto- 
mized animals also have higher concentrations of cholesterol in 
skin and serum than do the controls, but they have lower con- 
centrations of gut and liver cholesterol. Both alloxan and 
pancreatectomized preparations differ from the controls in having 
less fatty acids in every tissue except in the liver where the 
values of all the preparations are similar in magnitude. Both 
diabetic groups had a gross increase in serum cholesterol. 


The p values that bracket respective groups 


The measurements of the radioactivity found in the lipids are 
presented in Table III. An increase in the specific activity of a 
lipid over that of the control is felt to reflect an increase in the 
conversion of tracer units to the particular lipid. In the absence 
of definite information on the specific activity of the acetyl-CoA, 
increases in the specific activity of the lipid are evaluated in 
terms of increased lipogenesis, cholesterologenesis or both. 

The alloxan and pancreatectomized animals are seen to have 
similar cholesterologenesis in skin, gut, and liver, but the oper- 
ated animals have increased cholesterologenesis in the carcass 
fraction. The serum cholesterol activity of the operated animals 
was greater than that of the alloxan animals. The control rats 
had a mean serum cholesterol specific activity of 260 whereas 
the alloxan and pancreatectomized groups had 72 and 138 re- 
spectively. Although the mean values for the diabetics appear 
to differ from the controls, differences were not significant when 
tested statistically because of the large standard errors. The 
alloxan and pancreatectomized groups, however, did differ. 

The specific activities of the fatty acids of the four tissues of 
the two diabetic preparations are not different (7.e., p, 0.10). 
The diabetic preparations are grossly different from the control 
in the case of liver and carcass tissue and differ to a lesser extent 
in regard to gut and skin. The lipogenic activity of all tissue 
thus appears to be depressed, the largest effect being shown in 
liver and carcass. 


DISCUSSION 


Harper et al. (13) found a one-third decreased utilization of 
acetate for CO2 production in the pancreatectomized dog. The 
present data fails to reveal any decrease in acetate oxidation in 
either of the diabetic preparations, for the total CO2 produced 
by the three groups did not differ; the alloxan preparation actu- 
ally showed an increase in CO; specific activity over the control 
group. It would thus appear that the tracer acetate was not 
diluted by an enlarged acetate compartment in the diabetic 
animals. The depressed fatty acid and cholesterol synthesis 
found in these studies would likely not yield significant amounts 
of additional acetate for the oxidative reactions, for the incor- 
poration of acetate into total lipid under these conditions changes 
only from 5.7% to 1.7% while the oxidation of acetate accounts 
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TABLE II 
Concentration of lipids in control and diabetic rats 
Figures represent averages + standard error. Serum concentrations are expressed in mg of lipid per 100 ml of serum; other tissues 
are expressed as mg of lipid per g of tissue. 


Condition vol Careass Skin Gut Liver Serum 
ra 
Cholesterol 
Control......| 30 |1.52 + 3.97 + 0.11 1.56 + 2.27 + O. 72.4 + 5.2 
0.10 0.001 0.10 0.10 001 
Alloxan....... 22 (1.62 + 0. 0.105.64 + 0.001)1.50 + 0.001/2.18 + 0. 0.01/118.7 + 13. 0.001 
0.10 u 10 0.02 >0.05 0.10 
tomized....| 17 |1.62 + 0.17 5.50 + 0.42 0.93 + 0.14 1.78 + 0.21 119.0 + 9.0 
| 
Fatty acids 
Control....... 30 47.6 + 2.14, /|118.04 |33.7 + 27.3 + 1. 
0.001 0.001 0.001 0.10 
Alloxan....... 22 (36.2 + 2.855 0.001) 40.5 + 5.8 0.001/16.9 + 0.001/28.2 + 1. 0.10 ( 
0.10 <0.05 0.10 0.10 
Pancreatec- f 
tomized....| 17 |29.3 + 3.9 25.5 + 3.2+/ < 14.9 + 1.0 29.8 + 1.7< 
* Number of rats used for serum values were controls, 14; alloxan, 12; pancreatectomized, 16. C 
p 
TABLE III b 
Specific activities of lipids in control and diabetic rats c 
Figures represent averages + standard errors. Specific activity equals counts per minute per mg of lipid corrected to a dose of 0 
6.4 X 10° ¢.p.m. Vv 
Z 
No.* 
Condition of Carcass Skin Gut Liver Serum a 
rats t] 
Cholesterol 
Control....... 12 | 52.9 + 3. 48.8 + 6.4<,< | 302 + 41 530 + | | 
om 0.01 <0.05 0.001 0.10 
Alloxan....... 5 | 23.3 + — 0.02 | 15.9 + 3.355 0.02 | 154 + 24 ie <0.05 | 85.9 + 20 0.001 | 72+ 16= 0.10 pl 
T 
0.02 0.10 0.10 0.10 <0.05 m 
di 
tomized....| 6 | 37.3 4 4.2 24.7 + 3.6 ra 175 + 17 ug 217 + 91 138 + 16<. th 
Fatty acids 
Control....... 12 | 37.9 + 18.0 + 185 + 25 103 + 17 — 
0.01 0.10 0.001 
hij 
Alloxan.......| 5] 8.424 0.01 | 10.2 + 2.155 0.10 | 126 + 20 0.05 | 28.8 + saz 0.01 no 
sy! 
0.10 0.10 0.10 Wi 
Pancreatec- Sey 
tomized....| 6] 9.3 41.5 12.5 + 2.5: 1 106 + 19 na 29.9 + 7.7 ea 
* Number of rats used for the serum values were controls, 4; alloxan, 3; pancreatectomized, 4. 
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for 60 to 80% more than 25 times that which might be diverted 
from lipid synthesis. 

Brady et al. (14) found a stimulation of fatty acid oxidation 
when CoA levels were increased and commented that there may 
be a substantial increase in the CoA levels of the diabetic liver. 
The increased use of the acetate-1-C™“ for C“O2 production by 
our diabetic rats may be related to these findings. 

As shown by the specific activity values of Table III, our 
studies confirm the finding of depressed fatty acid synthesis in 
all of the four tissues of the diabetic animals. Together with 
the depression in lipogenesis there was found a decreased con- 
centration of fatty acids in the carcass, skin, and gut tissues but 
a normal concentration in the liver. These observations suggest 
that there occurred an increased mobilization of extrahepatic fat 
stores to the liver resulting in maintenance of liver fatty acid 
levels in spite of a decrease in hepatic lipogenesis. 

The deerease observed in cholesterol labeling in all tissues of 
both diabetic preparations confirms our previous finding (2) 
and substantiates the conclusions of Brady and Gurin (1) and 
Siperstein and Fagan (15), but is contrary to the findings of 
Hotta and Chaikoff (3). The decrease in tissue cholesterol 
activities was not due to an excessive dilution of the labeled 
cholesterol, for tissue stores of the sterol were found to be de- 
creased. In the face of decreased tissue stores and decreased 
sterol labeling, it is necessary to conclude that some block in 
cholesterol synthesis occurred in both diabetic preparations. 

The skin of the diabetic animals requires special consideration 
for here a significant depression in cholesterologenesis occurred, 
coupled with an even more significant increase in cholesterol 
concentration, As far as we are aware, such an accumulation 
of sterols in the skin of the diabetic has not previously been re- 
ported and this finding may constitute a new aspect of the dia- 
betic syndrome. As previously stated, the values for tissue 
cholesterol levels are obtained from colorimetric determinations 
on the nonsaponifiable fraction. We have found that equivalent 
values are given by the Schoenheimer-Sperry procedure and the 
Zlatkis method. The results obtained from the colorimetric 
assay are expressed as cholesterol, but the observed increases in 
the skin fraction may not be due to cholesterol per se. 

The finding of hypercholesterolemia in diabetic rats is in ac- 
cord with the frequent presence of hypercholesterolemia in un- 
controlled human diabetics. The level of 119 mg per 100 ml 
in the diabetics represents a 64% increase over the control value 
and proved to be highly significant (p, 0.001). The two diabetic 
preparations had essentially identical levels of serum cholesterol. 
The specific activity data for the serum cholesterol presents a 
more complicated picture. Although the mean values for both 
diabetic preparations appeared to be lower than those for the 
controls, the variations from the controls were not significant at 
the 95% confidence level. This lack of statistical confirmation 
is largely due to the small numbers of samples available, to the 
wide range of values found, and to the consequent large standard 
errors as reported in Table III. The specific activity of the 
serum cholesterol of the pancreatectomized rats was significantly 
higher than that of the alloxanized rats. It is interesting to 
note that the decreased tissue cholesterol levels and decreased 
synthesis shown in all the tissues studied were not associated 
with hypocholesterolemia but in fact with hypercholesterolemia. 
Serum cholesterol has been considered to be directly related to 
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liver cholesterol levels and to liver biosynthesis (16, 17). The 
present data would not preclude liver cholesterol as the source 
of serum cholesterol, for in each case, the liver cholesterol had a 
higher specific activity than the corresponding serum cholesterol. 
The ratios of liver to serum cholesterol activity are 2.04, 1.2, and 
1.6 for the control, alloxan, and pancreatectomized animals 
respectively. As is discussed in the following paper, the cata- 
bolic phases of cholesterol metabolism may need to be considered 
in the interpretation of the present findings. 

The essential agreement of the present studies with our former 
studies (2) suggests that the pattern of lipid metabolism does 
not grossly change during the progress of the disease from an 
acute to a chronic condition. 


SUMMARY 


The conversion of acetate-1-C™ to COs, fatty acid and cho- 
lesterol has been studied in vivo in control, alloxan, and pan- 
createctomized rats. Production of CO, by the diabetic rats 
was normal but incorporation of C' in CO» was increased in the 
alloxan group. Defective fatty acid synthesis by the alloxan 
diabetic rats confirms earlier studies. This defect was similar 
in the pancreatectomized preparations. A similar defect in 
cholesterologenesis was found to be present, that supported our 
previous findings, and suggested that increased cholesterol syn- 
thesis may not be common to the diabetic rat. 


Acknowledgments—The authors acknowledge with thanks the 
capable technical assistance by Mrs. Jean C. Scott and Mr. 
Livingston Wong. 
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Although hypercholesterolemia is often associated with dia- 
betes, we found normal or slightly depressed cholesterologenesis 
in the chronic diabetic rat (1), and a pronounced depression in 
cholesterologenesis in acute alloxan diabetic and pancreatec- 
tomized rats (2). In the animals with acute diabetes, a pro- 
nounced hypercholesterolemia was present. In an attempt to 
explain these findings, an investigation of the rate of cholesterol 
turnover in the diabetic animal has been made. Cholesterol 
turnover in the normal rat has been studied by various investiga- 
tors, but absolute figures have not as yet been established as is 
indicated by the reported half-lives of 40 hours to 6 days for 
liver cholesterol (3). To the best of our knowledge, information 
on cholesterol turnover of the diabetic is unavailable in the 
literature. 

Control, acute alloxan diabetic, and pancreatectomized rats 
were treated by injection with acetate-1-C™ to label the body 
lipids, and were then killed at various time intervals. The rate 
of disappearance of the labeled cholesterol was measured to ob- 
tain information on the rate of turnover of cholesterol in the 
carcass, skin, gut, liver, and serum. It was found that the 
diabetic rats had depressed turnover times in liver and gut cho- 
lesterol fractions, and it is suggested that this depression may 
be related to the observed hypercholesterolemia of these animals. 


EXPERIMENTAL 


Male, Sprague Dawley rats weighing about 200 g were used 
in this study. The techniques of preparing alloxan diabetic and 
pancreatectomized animals and the feeding regime of these ani- 
mals have been described previously (2). The diabetic animals, 
with fasting blood sugars exceeding 165 mg per 100 ml, were 
used 5 to 7 weeks after the onset of diabetes. 

One hour after the last meal, each rat was given an intra- 
peritoneal injection of from 30 to 60 uc of acetate-1-C™, which 
was prepared in this laboratory and which contained 0.19 mc 
per mg. After this injection, the animal was placed in a cage 
hood assembly (4) to minimize radioactive contamination of the 
laboratory. Animals were killed at various time intervals up to 
28 days after the injection of acetate. 

The procedures for the isolation and assay of the lipid fractions 
were the same as those used in the previous study (2). The 
fatty acids were determined gravimetrically and the cholesterol 
colorimetrically. Both the fatty acid and sterol fractions were 
radioassayed as infinitely thin samples, using a D47 Micromil 

* This investigation was supported largely by contract No. 
At (45-1)-225 of the United States Atomic Energy Commission. 
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Geiger counter (Nuclear-Chicago). The lipid specific activities 
are expressed as counts per minute per mg and were corrected 
to a standard dose of 60 we and to the equivalent activity of 
infinitely thick BaCQ; plates. 


RESULTS 


Information on the turnover of cholesterol in the control, 
alloxan diabetic, and pancreatectomized rats is graphically pre- 
sented in Figs. 1 and 2 in which the tissue cholesterol specific 
activities are plotted as a function of time. Best fitting lines 
were drawn according to the method of least squares (5). Ina 
number of cases of nonlinearity, the decay curves were divided 
by graphic inspection into two components, and the turnover 
of cholesterol of that particular tissue was interpreted as being 
composed of two rate components. Used in this study were 30 
control, 22 alloxan diabetic, and 17 pancreatectomized animals, 
Since serum was not available from all animals, data on serum 
cholesterol shown in Fig. 2 represents the use of 14 control, 12 
alloxan, and 15 pancreatectomized animals. 

In Table I there are presented four parameters of cholesterol 
turnover. The half-life values (4) were calculated from the 
slopes of the curves and tested for statistical differences by the 
t test. Differences were considered to be significant if the p 
value was 0.05 or less. The turnover time is defined as the time 
required for the turnover of an amount of material equal to the 
pool size and is calculated as T,; = 1.44 X t. The percentage 
of turnover represents the fraction of a given pool which is turned 
over per day (kK = 1/T,), and the turnover rate is the milligrams 
of cholesterol turned over per day per 100 g of tissue weight (6). 

It is to be noted that the diabetic animals have zero time 
cholesterol specific activities less than those of the normal be- 
cause of the defect in cholesterologenesis previously described 
(2). Regardless of the starting point, preparations having the 
same turnover should exhibit decay curves of the same slope. 
In the following discussion, the curves of Figs. 1 and 2 will be 
used to indicate the trend of the decay as well as to illustrate 
the cases where simple decay curves are not present. 

In reference to Fig. 1, it is seen that the specific activities of 
the skin cholesterol fractions of the diabetics increased above the 
zero time level. Although a similar trend seemed to be present 
in the control group, statistical treatment revealed nonsignificant 
deviation from a single line. As shown in Table I, the turnover 


times of the skin fractions of all three preparations did not differ 
after the initial rise. 

Carcass cholesterol of the control group had a half-time of 11.9 
days which was significantly greater than the half-times of the 
diabetic carcass cholesterol fraction. 


The diabetic preparations 
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SPECIFIC ACTIVITY OF CHOLESTEROL 
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Fig. 1. Tissue cholesterol specific activity after injection of acetate-1-C™ intraperitoneally 


had similar carcass cholesterol turnover times. It is recognized 
that the carcass fraction consists of a mixture of metabolically 
diverse tissues such as bone, muscle, connective tissue, adrenals, 
and kidneys. We cannot at this time identify the role of the 
various tissues in the total turnover effect described here. In 
other studies, we have shown that the adrenals are very active 
whereas muscle fibers have a low order of activity in regard to 
sterol metabolism. 

The control and alloxan gut cholesterol decay curves are bi- 
phasic; the control gut shows an initial rapid phase followed by a 
slow phase with a long half-life. From the half-life values, it is 
seen that the turnover rates of cholesterol of the initial phases 
of the three preparations do not differ greatly from each other. 

The biphasic turnover curve of the control liver contains an 
initial component, indicating an extremely rapid decay, which is 
lacking in the diabetic liver. The half-lives of all three liver 
cholesterol fractions are different from each other and both 
diabetic liver fractions have longer cholesterol half-lives than 
do the controls. 

An early rise in the serum cholesterol specific activity of the 
alloxan preparation similar to that of skin is shown in Fig. 2. 
The subsequent linear decay curves reveal similar turnover 
times in all preparations. The serum cholesterol studies were 
carried out for a period of 7 days. 


DISCUSSION 


It is clear from the data presented above that cholesterol 
turnover in the rat is a complex process involving various sys- 
tems and multiple reaction rates. The present studies do not 
presume to have explored each aspect of these complex systems. 
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Fic. 2. Serum cholesterol specific activity after injection of 
acetate-1-C* intraperitoneally. 


Let us first consider the initial rises in specific activities of the 
skin cholesterol of the diabetic animals. After acetate-1-C" is 
injected, the time course of CO, excretion indicates that the 
labeled acetate is essentially completely metabolized in less than 
an hour (7). The skin cholesterol formed in this period then 
should have a maximum specific activity in the first few hours 
after acetate injection. On this basis, the increase of specific 
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Lipid Metabolism in the Diabetic Rat. 


TABLE I 
Tissue cholesterol turnover in control and diabetic rats 


IT 
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Tissue Half-life Turnover time® Turnover per day“ Turnover rate 
days days % mg/day/100 gm 
Carcass 
11.91 17.20 5.8 8.82 
0.05¢ 
0.01¢ 11.50 8.7 14.09 
0.10 
Pancreatectomized......... 6 93 9.98 10.0 16.20 
Skin 
0.10 
0.10 13.56 7.4 41.74 
0.10 
Pancreatectomized......... 9.31 13.41 7.5 41.10 
Gut 
(17.6)/ (25 .34)/ (3.9)/ (6.08 )/ 
>0.05 
3 03 >0.25 4.36 22.9 35.27 
0.05 
Pancreatectomized......... 2.14 3.08 32.5 36.20 
Liver 
0.63 0.91 110.0 249.70 
(8.93)/ (12.86)/ (7.8)/ (17.70)/ 
0.001 
5.45 0.05 7.85 12.7 27.69 
0.05 
Pancreatectomized......... 2.22 a 3.20 31.3 55.70 
Serum 
2.53<, 3.64 27.5 19.80 
0.10 
2.00 0.10 2.88 (34.7 41.29 
0.10 
Pancreatectomized......... 2.52< < 3.63 27.5 32.72 


¢ Half-life = t; = time required for specific activity to fall by one-half. 
> Turnover time = 7, = time required for the turnover of an amount of material equal to the pool size. 


¢ Percentage of turnover per day, the fraction of the pool turned over per day. 
4 Turnover rate, milligrams of material turned over per day per 100 g of tissue weight. 


¢ The significance of differences between mean values has been tested by the ¢ test. The p values that bracket respective groups 


indicate significant differences if 0.05 or less. 
J Values of slow component in biphasic curves, 
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activity after a few days cannot be attributed to a continued 
synthesis from acetate. Delayed increases in specific activities 
in the testis, spleen, kidney, and lung of normal rats after multiple 
acetate administration were observed by Landon and Greenberg 
(8). It is possible that during the first two days, labeled choles- 
terol of high specific activity was being transported to and de- 
posited in the skin. It may also be considered that other radio- 
active substances were being converted to radioactive cholesterol 
in situ. Possible sources of high specific activity cholesterol are 
the liver and the gut, both of which have cholesterol specific 
activities much higher than that of the skin. However, in re- 
lating this high specific activity of gut and liver cholesterol to 
the delayed increase of skin cholesterol specific activity, one 
must bear in mind the role of blood cholesterol as an immediate 
precursor of skin cholesterol. The specific activities of serum 
cholesterol were found to be higher than those of the skin choles- 
terol, and in addition, the serum of the alloxan-treated animals 
showed the same delayed increase of cholesterol specific activity 
as did the skin tissue of the alloxan-treated animals. 

No gross differences were observed in liver cholesterol turnover 
between the alloxan and pancreatectomized rats, so that these 
two diabetic preparations may be considered to have similar 
cholesterol catabolic activities. 

The effect of diabetes upon cholesterol metabolism in the rat 
is definitely shown by our findings to be a decreased turnover of 
cholesterol in the liver tissues of both alloxan and pancreatecto- 
mized rats. As previously stated, the specific activity-time 
relations of the liver cholesterol of the control group could not 
be fitted into a straight line due to the presence of an early rapid 
phase which may well represent metabolism of approximately 
90% of all the radioactive cholesterol. This rapid phase is lack- 
ing in the diabetic livers resulting in net slower turnover rates. 

We believe these findings to indicate that a major defect in 
lipid metabolism in the diabetic liver tissue is a decreased ability 
to catabolize cholesterol. This is contrasted with the theory of 
an increased synthesis of cholesterol by the diabetic liver (9). 
Cagan et al. (10) suggested a defect in utilization of cholesterol 
by the diabetic from their findings of plasma cholesterol levels 
twice that of normal in diabetic rats on a high fat diet, but these 
workers did not localize such a defect. 
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In the presence of a decreased turnover of liver cholesterol and 
an increase in plasma cholesterol, one might expect to find an 
increase in liver cholesterol. We found no accumulation of 
cholesterol in the liver but did find a decreased rate of cholesterol 
synthesis in this tissue. Thus, in the diabetic liver, there may 
be a decreased synthesis coupled with a decreased destruction of 
cholesterol resulting in no accumulation of cholesterol. 


CONCLUSIONS 


The rates of cholesterol turnover in the carcass, skin, gut, 
liver, and serum of alloxan diabetic, pancreatectomized, and 
control rats were studied with acetate-1-C™ as the radioactive 
tracer. 

The alloxan and pancreatectomized animals did not differ 
grossly from each other in the measurements of cholesterol turn- 
over and are thus believed to metabolize cholesterol by similar 
mechanisms. The diabetic rats differed from the controls in 
having decreased rates of cholesterol turnover in the liver. It is 
concluded that there may be a defect in the mechanism of cho- 
lesterol degradation in the diabetic rat. 
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Ethanol is only partly metabolized in the liver, and the prod- 
ucts formed are transported from that organ by the blood 
stream and utilized extrahepatically (1, 2). Previous studies on 
the nature of metabolites formed in the liver during alcohol 
oxidation have given uncertain and variable results. Lunds- 
gaard (1) assumed that acetate was formed during the oxidation 
of alcohol in the liver. This substance has not, however, been 
detected in the blood during alcohol oxidation with the tradi- 
tional chemical methods available (3, 4). Koehler et al. (5) 
have shown that acetate is rapidly oxidized in the organism and 
that no accumulation occurs, and hence conclude that it would 
be difficult to detect analytically. Lundquist,’ with the use of 
an enzymatic method, has shown that acetate is present in the 
blood after alcohol consumption. Masuda (6), with liver per- 
fusion experiments, and Forsander et al. (7), with intact rats, 
have shown that acetoacetate can be formed from ethanol. 

A study has been undertaken to determine the organic acids 
formed from ethanol during its oxidation in the rat liver. The 
experiments were performed both on intact rats, and by arti- 
ficial circulating perfusion of an isolated liver. The results 
showed that in the liver several organic acids were formed from 
ethanol. 


METHODS 


Albino laboratory rats weighing between 250 and 350 g and 
fed on a standard laboratory diet ad libitum were used in all 
experiments. In the experiments in vivo 0.6 g per kg of body 
weight of a 10 per cent (weight per volume) ethanol solution was 
administered to the animals by intraperitoneal injection 1 hour 
before the collection of the blood samples. The rats were bled by 
cardiac puncture under Nembutal anesthesia, and the blood 
from three to four rats was collected and mixed for the analysis 
of organic acids. Duplicate experiments were made. 

In the experiments with isolated livers, the perfusion tech- 
nique and apparatus of Miller et al. (8) as modified by Forsander 
et al. (7), was used. 1-C-Ethanol or 2-C'-ethanol containing a 
radioactivity of 1 uc was added to 35 ml of blood, which was 
diluted with an equal volume of Ringer’s solution. The blood 
contained about 2%, ethanol. An artificial circulating perfusion 
of the liver was carried out for 1 hour. Control perfusions were 
performed without addition of ethanol. 

The blood obtained from the experiments was deproteinized 
with perchloric acid, neutralized with potassium hydroxide, and 
lyophilized. The organic acids were extracted from the acidified 
residue with butanol in chloroform by the procedure of Elsden 
(9). The extract was placed on a silica gel column and the 


1 Lundquist, personal communication. 


organic acids were separated with increasing amounts of butanol 
in chloroform according to the method of Donaldson et al. (10). 
The fractions from the column were titrated with 0.01 Nn NaOH 
and when labeled ethanol was used, the radioactivity was meas- 
ured with a gas flow counter. The above described analytical 
method does not give a fully quantitative picture of all the 
organic acids present owing to the fact that the extraction of the 
organic acids is not quite quantitative and that pyruvic acid 
and oxalic acid are partially destroyed during lyophilization (11). 


RESULTS AND DISCUSSION 


In the present experiments the blood of normal rats contained 
relatively small amounts of carboxylic acids. Only pyruvate, 
B-hydroxybutyrate, lactate, fumarate, succinate, and an un- 
identified acid were present in amounts which could be de- 
termined (Fig. 1). Frohman et al. (12), however, with the use 
of considerably larger quantities of blood, have been able to de- 
tect other acids from the tricarboxylic acid cycle. 

After administration of ethanol to the rats, considerable 
amounts of acetate and rather small amounts of acetoacetate 
appeared in the blood and an increase in the concentration of 
B-hydroxybutyrate was observed, as is seen from Fig. 2. 

In the perfusion experiments, acetoacetate was formed even in 
the control perfusions without addition of ethanol, the amount 
of 6-hydroxybutyrate being also relatively large (Fig. 3). The 
relation between the amount of acetoacetate and 6-hydroxy- 
butyrate present in the blood after control perfusion of rat liver 
was of approximately the same order as was found by Blixen- 
krone-Mgller (13) after perfusion of cat livers, with a different 
analytical method for the determination of ketonic acids. When 
labeled ethanol was added to the perfused blood, an additional 
compound was found when the fractions collected from the col- 
umn were titrated. This compound was acetate (Fig. 4). De- 
terminations of the radioactivity of the fractions revealed the 
presence of yet another acid which had moved together with 
lactic acid. This acid has not been identified. Figs. 3 and 4 
show that during the oxidation of alcohol in the liver a marked 
change occurred in the relative amounts of the different acids 
present. After perfusion without alcohol the blood contained 
lactate in the greatest amounts, then 8-hydroxybutyrate, and 
thereafter acetoacetate; however, after perfusion with blood con- 
taining alcohol this order was changed and the blood contained 
acetoacetate in greatest amounts, then acetate and lactate, the 
content of B-hydroxybutyrate being lowest. The determination 


of the radioactivity of the different acids formed showed that 
radioactive alcohol gave rise mainly to acetoacetate and acetate, 
but also small amounts of B-hydroxybutyrate, pyruvate, and 4 
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Fig. 2. The organic acids in the blood of rats after intraperi- 
toneal administration of 0.6 g of ethanol per kg body weight. The 
acids were separated on a silica gel column and eluted with con- 
tinuously increasing concentrations of butanol in chloroform. 
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Fic. 3. The organic acids in the blood of rats after 60 minutes 
of circulating perfusion of an isolated rat liver with heparinized 
rat blood. The acids were separated on a silica gel column and 
eluted with continuously increasing concentrations of butanol in 
chloroform. 
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yet unidentified acid. This distinct formation of ketonic acids, 
which was demonstrated during the perfusion of an isolated liver, 
was not so obvious in the experiments in vivo after alcohol ad- 
ministration. The difference is explained, however, by the ob- 
servation of Blixenkrone-Mgller (13) that the ketonic acids are 
rapidly broken down in the muscular tissue of the intact organ- 
ism, whereas they accumulate when an isolated liver is perfused. 

When the specific activity of the separated acids was calcu- 
lated (Table I), it was found that the acetate, the acetoacetate, 
the 6-hydroxybutyrate, and the unidentified acid have approxi- 
mately the same specific radioactivity. The unidentified frac- 
tion and the lactate fraction overlap each other, as is seen in Fig. 
4 and therefore the values obtained for the specific activity of 
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Fic. 4. The organic acids in rat blood after 60 minutes of cir- 
culation perfusion of an isolated rat liver with blood containing 
1-C'*-ethanol. The acids were separated on a silica gel column and 
eluted with continuously increasing concentrations of butanol in 
chloroform. @——@, amount of organic acid in the fractions; 
X---&X, the radioactivity of the fractions. 


TABLE I 
Average specific radioactivity of organic acids found in blood after 60 
minutes circulating perfusion of isolated rat liver with blood 
containing 1-C!4-ethanol 


Acid Specific radioactivity 
c.p.m./yeq. acid* 
Acetic acid 74 
Acetoacetic acid 83 
Pyruvie acid 24 
8-Hydroxybutyric acid 74 
Unidentified acid (63) 
Lactic acid (15) 


* neq. acid is stated as the amount neutralized by 0.1 ml of 
0.01 Nn NaOH. 


these acids are incorrect. The pyruvate present has a very low 
specific radioactivity and it is probably formed from oxalacetate 
which has been decarboxylated in the liver or decomposed during 
the lyophilization. The observation that the acetoacetate and 
the B-hydroxybutyrate fractions possess the same specific radio- 
activity as the acetate fraction is in favor of the assumption that 
only half of the acetoacetate molecule is derived from alcohol, 
the other half coming from other metabolites of the liver. This 
assumption is in agreement with Lynen’s (14) scheme for the 
formation of acetoacetic acid in the liver. No difference in the 
specific radioactivity of the acids was found whether 1-C"*-ethanol 
or 2-C"*-ethanol was used. 

The main metabolites formed in the liver from ethanol which 
play a role in providing the extrahepatic tissues with substrate 
are, according to the results of these experiments, acetate, ketonic 
acids, and an unidentified acid. In the experiment with fed 
rats shown in Fig. 2 acetate was the main product of the ethanol 
oxidation and only small amounts of ketonic acids were formed. 
In an earlier experiment, however, calculations showed that 
ketonic acids were the main product when the rats had fastec 
before the alcohol administration (7). The metabolites formed 
in the liver from ethanol and removed by the blood stream are 
thus either acetate or ketonic acids depending on the physio- 
logical state of the liver in coordination with the acetate metabo- 
lism (15). 
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Acetaldehyde is always present in the blood in small amounts 
during alcohol oxidation, but owing to its slow break-down out- 
side the liver (16) it cannot be of great importance in the extra- 
hepatic utilization of alcohol metabolites. Ethanol can also 
partly become incorporated into carbohydrates (17) but the rela- 
tive amount incorporated is probably rather small. In addition 
it has been shown that carbon from ethanol can become incorpo- 
rated into other compounds, which are not directly included in 
the energy metabolism (17, 18). As acetate is a central product 
in ethanol metabolism and as it is known that acetate can be in- 
corporated into numerous compounds, it must be expected that 
also ethanol can be incorporated into the same compounds. It 
is, however, uncertain whether ethanol and acetate fully can 
replace each other in all biological synthesis as mentioned by 
Schulman et al. (17). 


SUMMARY 


The carboxylic acids formed in the liver during oxidation of 
alcohol have been investigated by experiments in vivo on intact 
rats and by perfusion of isolated rat livers. Rat blood normally 
contains pyruvate, $-hydroxybutyrate, lactate, and small 
amounts of acids from the tricarboxylic acid cycle. After intra- 
peritoneal alcohol administration to intact animals acetate and 
acetoacetate were found in addition. 

After artificial perfusion of rat liver, the blood contained 
lactate in greatest amount and thereafter 6-hydroxybutyrate, 
acetoacetate, and pyruvate. When alcohol was added to the 
perfused blood, a considerable amount of acetate was additionally 
found. Perfusion experiments with 1-C'-ethanol and 2-C"*-eth- 
gnol showed that the acetate, the acetoacetate, the 6-hydroxy- 
butyrate, an unidentified acid, and partly the pyruvate orig- 
nated from the labeled alcohol. 
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It has been well established that many of the water-soluble 
vitamins exert their profound biological effects only after con- 
version to a coenzyme form, often a nucleotide. The discovery 
of a nucleotide, coenzyme form of choline, cytidine diphosphate 
choline, suggested that this might be the biologically active form 
of choline through which the lipotropic and other effects of 
choline and its precursors in the diet might be mediated. A 
function of CDP-choline in the prevention of fatty livers is an 
especially attractive hypothesis since it is known that CDP- 
choline is an essential cofactor for the enzymatic synthesis of 
lecithin (1) and there is some evidence that the lipotropic effect 
of choline is related to phospholipid metabolism (2). 

The concentration of CDP-choline in the livers of rats on a 
choline deficient diet has now been measured and compared with 
the levels in control animals fed the same diet supplemented 
with choline, in an attempt to explore the possibility that the 
development of fatty livers in the deficient group might be as- 
sociated with a fall in CDP-choline content. The amount of 
CDP-choline in the livers of deficient animals is indeed lower, if 
calculated on a wet weight-basis, but shows no significant differ- 
ence if calculated on fat-free basis, or if the total amounts in 


each liver are compared. 


A brief summary of some preliminary experiments along these 
lines has been published (3). 


EXPERIMENTAL 


Materials and Methods 


Forty white, male Sprague-Dawley rats were used in this study. 
The animals, weighing about 65 g when purchased, were placed 
in individual cages (kindly provided by Dr. M. E. Krahl) and 
fed chow ad libitum until they reached a weight of 100 g. They 
were inspected and weighed every day. Animals that ate poorly 
or developed signs of infection in this observation period were 
discarded. At an average weight of 100 g, half the animals, 
selected at random, were transferred to the choline-deficient diet 
of a type described by Wilgram e¢ al. (4), the composition of 
which is shown in Table I; the control animals were offered the 
same diet, supplemented with choline (8.5 g per kg) at the expense 
of sucrose. 

Four sets of animals were studied, each consisting of 4 to 6 
rats with an equal number of controls. The first set was on the 
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choline-deficient diet for 9 days, the second and third for 11, and 
the fourth for 13 days. 

The content of CDP-choline in the livers was determined by 
an isotope-dilution method which was based on that of Kennedy 
and Weiss (1). Each animal was decapitated after a blow on the 
head and exsanguinated. The whole liver was removed as 
rapidly as possible, weighed, and homogenized in 100 ml of 66% 
ethanol to which an accurately measured aliquot of labeled CDP- | 
choline (0.075 umole per liver) had been added. The CDP-cho- 
line was labeled with choline-1 ,2-C™ (55,000 counts per umole) | 
and had been prepared by the method of Kennedy (6). The 
liver was homogenized for 90 seconds at room temperature in a 
Waring Blendor. The livers of the 4 to 6 animals of each set 
were treated in identical fashion and the homogenates in 66% 
ethanol were pooled in a 1-liter Erlenmeyer flask and heated in a 
vigorously boiling water bath for 20 minutes. The bulky pre- 
cipitate was removed by centrifugation, washed thoroughly with 
66% ethanol, and discarded. The supernatant solution and 
wash were combined and concentrated to a volume of about 60 
ml in a rotary evaporator under vacuum. The turbid concen- 
trate was clarified by centrifugation at about 18,000 x g for 2 
hours. The supernatant solution was then extracted with three 
portions of 200 ml of ether. Excess ether was removed from the 
aqueous phase by warming it to 65° while stirring. The ether- 
free solution was then filtered through a pad of Celite filter-aid 
and the pad was washed with several portions of water. The 
clear filtrate was diluted to 400 ml with water, and adjusted to 
pH 8.5 by the addition of 0.6 n KOH. The solution was then 
run over a column of Dowex 1-formate (10% cross linked) 30 
em in length and 1.7 cm in diameter, under a slight positive 
pressure of nitrogen. (An attempt was made throughout to 
minimize the absorption of CO, by the alkaline solution.) About 
75% of the radioactivity was absorbed on the column. The 
column was then washed with 3 portions of water (75 ml each). 
Gradient elution, with 0.04 N formic acid in the upper reservoir, 
was then carried out as described by Kennedy and Weiss (1). 
Fractions of 10 ml each were collected with the aid of an auto- 
matic fraction collector. The CDP-choline, which usually ap- 
peared in about Tubes 30 to 35, was located by counting an 
aliquot after drying in an aluminum planchet. The tubes at the 
peak of the CDP-choline band were pooled and concentrated to 
dryness under vacuum. The residue was taken up in 10 ml of 
water and dried once again to make sure that all the formic acid 
had been removed. The residue was then taken up in 400 ml of 
water, neutralized, and rechromatographed on Dowex 1-formate, 
this time with 0.2 mM ammonium formate adjusted to pH 9.3 by 
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TABLE 
Composition of choline-deficient diet 


Casein 

Peanut meal¢ 

Soya protein? 

Salt mixture* 

Sucrose vitamin mixture¢ 
Sucrose 

Starch 

Lard 

a-Toc »pherol acetate? 
Cod liver oil¢ 

Corn oil 


— 


* Extracted with 50, 75, and 95% ethanol. 

Water-washed ‘‘alpha proteins’ (Glidden Company). 

¢ For details see Best et al. (5). 

4 Fat-soluble vitamins dissolved in corn oil so that 1% of die- 
tary corn oil will supply the desired amount of fat-soluble vita- 
mins. Obtained from Ayerst, McKenna, and Harrison, Montreal; 
contains 200,000 i.u. vitamin A and 50,000 i1.u. vitamin D per gram. 


the addition of concentrated ammonia, in the upper reservoir 
(1). The radioactive band usually appeared between 50 and 90 
ml of eluate. 

A careful determination of the specific activity of the CDP- 
choline recovered in successive fractions was then carried out. 
Aliquots of 3 ml were dried in aluminum cups and counted. 
Separate aliquots from each tube were acidified by the addition 
of 0.1 volume of 2 N HCl and the absorbancy at 260 and 280 my 
was measured in a Beckman spectrophotometer. The content 
of CDP-choline was calculated from the absorbancy at 280 muy, 
with the use of a value of 13.7 for the millimolar extinction co- 
efficient (5). The purity of the recovered CDP-choline was 
established by (a) constancy of specific activity in successive 
fractions (usually + 5%); (b) a ratio of absorbancy at 280:260 
of 2.0 or higher. At the same time, five standard planchets with 
accurately measured aliquots of the stock CDP-choline solution 
were also counted under identical conditions to determine the 
specific activity of the undiluted CDP-choline. 


TABLE II 


Content of cytidine diphosphate choline in livers of rats on choline- 
deficient and choline-supplemented diets 


CDP-choline concentration 
Total 
lipids 
per 100 Per 
in 
pmoles umoles pmoles 
Supplemented 
I 8.17 5.4 0.29 24.0 
II 5.27 5.0 0.33 22.0 
III 5.63 (4.8 0.30 21.5 
IV 4.9 0.37 31.9 
Average 5.0 + 0.20.32 + 0.0322.5 4 1.1 
Deficient | 
I 27.50 3.7 0.30 25.0 
II 30.27 3.3 0.33 22.5 
III 27.56 3.4 0.33 22.5 | 
IV 3.8 0.38 32.5 
Average 3.6 + 0.20.36 + 0.0423.3 + 1.2 
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The CDP-choline values obtained by calculation from these 
data probably include a small proportion of deoxyCDP-choline 
(7). 

Total protein was determined by the method of Lowry et al. (8), 

The total fat-free residue was estimated by Lucas’ modification 
(9) of the method of Bloor et al. (10) for the extraction of lipids. 


RESULTS AND DISCUSSION 


Weight and Growth—The rate of growth was the same in the 
first three or four days for both deficient and control animals, 
From then on the control rats continued to grow at a rapid rate 
while in the deficient animals food consumption decreased and 
weight gain diminished progressively. Animals that were main- 
tained on the diet longer than 10 days (Sets II, III, and IV) 
showed severe signs of choline deficiency; upon autopsy, hemor- 
rhagic renal cortical necrosis of the type described by Griffith 
and Wade (11) was present in some deficient animals of Sets II 
and III and in all of those in Set IV. The livers of all the de- 
ficient animals were characteristically fatty, whereas the livers 
and kidneys of the control animals were normal. 

CDP-Choline Content—The concentration of CDP-choline in 
the fatty livers of the choline-deficient animals is consistently 
about 30% less than the controls when calculated on a wet 
weight basis (Table II). If the data, however, are calculated 
on a fat-free basis or if the amounts per liver are compared, 
this difference disappears. It is not easy to determine what is 
the most meaningful basis for the calculation of the results, but 
the data, which indicate that the total amount of the CDP-cho- 
line in the liver is not changed, certainly do not offer much sup- 
port for the idea that the development of fatty liver is caused by 
a decreased level of this cofactor. On the other hand, this find- 
ing by no means eliminates the possibility that CDP-choline 
is the lipotropically active form of choline. It may be that the 
levels of CDP-choline in the liver cannot be greatly depressed 
without causing the death of the animal and that the develop- 
ment of the fatty liver is the result of compensatory mechanisms 
which are brought into play to maintain the level of CDP-choline. 

It is noteworthy that the concentration of CDP-choline in the 
rats fed the supplemented diets is quite low in comparison with 
other coenzymes such as DPN and TPN (12) and CoA (13, 14). 
It is somewhat higher in rats raised under different conditions, 
and very much higher in the livers of laying hens (1). 


SUMMARY 


The concentration of cytidine diphosphate choline has been 
determined in the livers of rats maintained on a choline-deficient 
diet and in the livers of rats fed the same diet supplemented with 
0.85% choline. The livers of the control animals on the diet 
supplemented with choline contained 5.0 umoles of cytidine di- 
phosphate choline per 100 g wet weight. The development of 
fatty livers in the deficient animals is accompanied by a drop of 
about 30% in the level of cytidine diphosphate choline, calculated 
on a wet weight basis, but if amounts per 100 g of fat-free residue 
or per liver are compared, no differences are noted. 
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Although there is good evidence that the formation of new 
ester bonds may be catalyzed by lipolytic enzymes (1) it appears 
unlikely that such a mechanism could account for any very sub- 
stantial net synthesis of triglyceride. The first evidence for a 
pathway of biosynthesis clearly different from the reversal of 
hydrolysis was provided by Tietz and Shapiro (2) who showed 
that the incorporation of labeled fatty acid into neutral fat in 
homogenates of liver required adenosine triphosphate. Identi- 
fication of phosphatidic acids and p-a,#-diglycerides as essential 
intermediates in the biosynthesis of glycerophosphatides led to 
the hypothesis that these compounds may also be precursors of 
triglycerides. In confirmation of this hypothesis, we have found 
an enzyme in chicken liver which catalyzes the net synthesis of 
triglyceride according to the following equation: 


a,B-Diglyceride + RCO—S—CoA -— triglyceride + CoASH (1) 


The independent studies of Shapiro et al. (3, 4), of Buell and 
Reiser (5), and of Kornberg and Pricer (6) offer further evidence 
consistent with a scheme of reactions in which L-a-glycerophos- 
phate, phosphatidic acid, and a,{-diglycerides are successive 
intermediates in the formation of triglyceride, whereas no evi- 
dence suggesting a direct acylation of free glycerol has yet been 
reported. 

In the present paper, some properties of the enzyme-catalyzing 
reaction (1) will be described. A brief communication describ- 
ing some of these results has previously appeared (7). 


EXPERIMENTAL 


Materials and Methods 


Particulate enzyme fractions containing both mitochondria 
and microsomes were prepared from frozen chicken liver by the 
method of Sribney and Kennedy (8). Such preparations, de- 
scribed simply as enzyme particles, were used for most of the 
early experiments in this study. For other experiments, the 
homogenates of chicken liver were fractionated into a mito- 
chondrial fraction by centrifugation for 10 minutes at 10,000 x g 
after removal of nuclei and debris, and a microsomal fraction, by 
centrifugation at 20,000 x g for 40 minutes after removal of the 
mitochondrial fraction. Since the chicken liver had been stored 
at —15° for some months before working up, these fractions 
probably do not correspond exactly to those obtained from fresh 
liver by similar procedures. Both the mitochondrial and the 
microsomal fractions were active in triglyceride synthesis; since 
the microsomal fraction had a specific activity 2 to 3 times 
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greater than the mitochondria, this fraction was used in later 
experiments. 

Palmitoyl-CoA was prepared from palmitic acid-1-C™ (sup- 
plied by the Volk Radio-Chemical Company) by the enzymatic 
procedure of Kornberg and Pricer (9). In this procedure, it was 
found advantageous to extract the palmitoyl-CoA with a mixture 
of equal volumes of isopropanol-water-ethanol, to which sufficient 
aqueous ammonia was added to bring the pH to neutrality. This 
solvent mixture replaces the isopropanol-water-pyridine used by 
Kornberg and Pricer (9) which is troublesome since the pyridine 
interferes with spectrophotometric determination of the adenine 
moiety of the CoA thioester. It was found that if the preceding 
wash steps were carefully carried out, the content of CoA 
thioester could conveniently be estimated simply by measuring 
the absorbancy of the isopropanol-water-ethanol extract at 260 
my, after subtracting blank values for absorbancy shown by ap- 
propriate controls. 

p-a,8-Diglyceride consisting principally of p-a-linoleyl-f- 
stearoy] diglyceride was prepared from egg lecithin by the method 
of Hanahan and Vercamer (10). p-a,@-Dipalmitolein similarly 
prepared from yeast lecithin was the generous gift of Dr. D. 
Hanahan. ptL-1-Palmitoyl-2-oleyl diglyceride was the gift of 
Dr. F. Mattson. p-a,@-Dipalmitin was the gift of Dr. E. Baer. 
pL-a,6-Dioctanoin and pL-a,8-dilaurin were synthesized by 
the general procedures of Howe and Malkin (11). 

The conversion of palmitoyl-CoA to a neutral lipid was the 
basis of the routine assay system used in this study. The en- 
zymatic reaction, usually run in a total volume of 0.5 ml, was 
stopped by the addition of 3.0 ml of ethanol. The precipitate 
was removed by centrifugation and washed twice more with 
portions of 3 ml of ethanol. To the combined extracts in a glass- 
stoppered Maizel-Gersen vessel 5 ml of carbon tetrachloride were 
added and the contents of the vessel were thoroughly mixed. 
Twenty milliliters of 0.2 m KCl containing 2 drops of concentrated 
ammonia were then added and the phases equilibrated by shak- 
ing the stoppered vessels. The upper, aqueous phase was drawn 
off with a capillary and discarded. The lower phase was washed 
four times with 40% ethanol (volume for volume) containing 
0.5% aqueous ammonia (volume for volume) and 0.2 mM KCl. If 
emulsions formed, these were broken by light centrifugation. 
Aliquots of the organic phase thus freed of unreacted palmitoyl- 
CoA and palmitate were then plated and counted. In some 
experiments, the method of Borgstrém (12) in which the 
neutral glyceride fraction is freed from free fatty acid and other 
anions by treatment with ion exchange resin, was also used with 
much the same results, but it was more convenient to use the 
procedure outlined above. 

The separation of tri-, di-, and monoglyceride fractions by 
chromatography on silicic acid was carried out essentially as 
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described by Borgstrém (13). Fatty acid esters were determined 
with hydroxylamine by the method of Rapport and Alonzo (14). 


EXPERIMENTAL RESULTS 


Requirement for a,B-Diglyceride for Conversion of Palmitoyl- 
CoA to Lipid—A typical experiment, described in Table I, shows 
that the addition of p-a,@6-diglyceride greatly stimulates the 
conversion of labeled palmitoyl-CoA to a lipid form. There is 
an appreciable activity, however, in the absence of added diglyc- 
eride; this is almost certainly the result of the presence of en- 
dogenous diglyceride in the enzyme particles, since the same 
situation is observed in the enzymatic synthesis of lecithin (15), 
where p-a@ ,6-diglycerides are known to be intermediates. 

Identification of Product as Triglyceride—The experiment shown 
in Table I was repeated on larger scale, with a final volume of 3.0 
ml. <A total of 80,700 counts were recovered in the carbon tetra- 
chloride fraction after washing thoroughly with aqueous am- 
moniacal ethanol. The carbon tetrachloride fraction was dried 
undera stream of nitrogen, taken up in a small volume of benzene, 
and chromatographed, using a mixture of silicic acid-Celite (5:2) 
in the procedure described by Borgstrém (13) for the separation 
of mono-, di-, and triglycerides. A total of 72,500 counts, or 
approximately 90%, were eluted in the triglyceride fraction. 
Analysis revealed no detectable amounts of phosphorus in this 
fraction. A further 6,400 counts were recovered in the diglyc- 
eride fraction. 

In another experiment 22,000 counts of enzymatically syn- 
thesized labeled lipid were added to a mixture of mono-, di-, and 
triglyceride obtained by the enzymatic hydrolysis of cottonseed 
oil. Upon subsequent chromatographic separation, 18,245 counts, 
or 83%, were recovered in the triglyceride fraction. 

From the experiment shown in Table II, it may be calculated 
that the enzymatic conversion of 1.5 wmoles of radioactive pal- 
mitoyl-CoA to lipid was accompanied by an increase of 5.2 micro- 
equivalents of ester in the fractions containing the radioactive 
product over the values shown in the corresponding fraction with 
the boiled enzyme control. This is in satisfactory agreement 
with the anticipated increase of 4.5 microequivalents required 
by the stoichiometry of reaction (1); the esterification of other 
acceptors, such as cholesterol, would lead to an increase of only 
one ester bond per mole of palmitate incorporated. : 

These results, taken in conjunction with the requirement for 
added diglyceride, provide strong evidence that the labeled 
product is almost entirely triglyceride. 

Net Synthesis of Triglyceride—The experiment shown in Table 
II indicates that these enzyme preparations carry out a net 
synthesis of triglyceride, easily measurable by the hydroxamate 
method (14). This result rules out the incorporation of the 
labeled palmitate by an exchange reaction, which might have 
little relationship to pathways of synthesis de novo. It should 
also be noted that the substitution of equal amounts of palmi- 
tate + CoA is ineffective in promoting synthesis. 

The net increase in triglyceride is in satisfactory agreement 
with the incorporation of radioactivity from the labeled pal- 
mitate. 

Time Course—Under the experimental conditions shown in 
Fig. 1, the synthesis of labeled triglyceride was linear for about 
40 minutes, and then diminished in succeeding intervals. 

Stimulation by Divalent Cations—An experiment in which the 
effect of varying concentrations of Mg++ and Mn++ was studied 
is described in Fig. 2. Although there is a definite stimulation 
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TABLE I 

Effect of a,B-diglyceride on conversion of palmitoyl-CoA to lipid 

Each tube contained 50 uwmoles of Tris buffer of pH 7.4, 3 umoles 
of MgCle, 4 umoles of cysteine, 1 mg of Tween 20, 2 umoles of 
a,8-diglyceride derived from egg lecithin (10), 0.13 wmole of 
palmitoyl-CoA labeled with palmitic acid-1-C' (140,000 counts 
per umole), and 0.05 ml of a suspension of chicken liver particles 
(8) in a final volume of 0.50 ml. In the ‘‘zero time controls’’ the 
reaction was stopped by the addition of ethanol immediately 
after adding the enzyme. The tubes were incubated for 2 hours 
at 37° and the lipid fraction isolated and counted as described 
above. 


System 

myumoles 
3. Noa,B-diglyceride.................... 850 6.1 
4. 830 5.9 
5. Complete; zero time control............ 120 0.9 
6. Complete; zero time control............ 60 0.4 


TABLE II 
Enzymatic net synthesis of triglyceride 


The complete system contained 1 mmole of Tris buffer of pH 
7.4, 60 umoles of MgCl:, 40 uwmoles of p-a,8-diglyceride derived 
from egg lecithin, 4 umoles of palmitoyl-CoA labeled with palmi- 
tate-1-C!* (140,000 counts per umole), 20 mg of Tween 20, 80 umoles 
of cysteine, and 1 ml of a suspension of chicken liver particles. 
The tubes were incubated for 2 hours at 40°. The lipids from 
each system were treated separately and identically. The CCl, 


_extract was thoroughly washed as described in the text and the 


lipids were concentrated to dryness, taken up in benzene, and 
chromatographed by the method of Borgstrém (13). The tubes 
in the peak of the triglyceride band were pooled and analyzed by 
the hydroxamate method (14). 


Analysis of triglyc- 
eride fraction 
Total 
Conditions of incubation ester |Triglyc-|  Radio- 
eride | activity | porated 
(ester/ (total 
3) counts) 
weg pmoles 
1. Complete system............. 7.38 | 2.46 | 210,000 | 1.5 
2. p-a,8-Diglyceride omitted..... 2.37 | 0.79 | 12,200 | 0.09 
3. Palmitate + CoA in place of 
palmitoyl-CoA.............. 1.83 | 0.61 3,350 | 0.02 
4. Complete; boiled enzyme.....| 2.16 | 0.72 610 | 0.004 


upon the addition of these cations, no absolute requirement was 
found. Ca++ or Cot+ ions were less effective than Mg** in 
stimulating synthesis; no inhibition by Ca**+ was detected under 
conditions in which the synthesis of lecithin is completely in- 
hibited (15). 

Specificity for Diglyceride—When a number of glycerides were 
tested for their ability to stimulate the synthesis of labeled lipid 
from palmitoyl-CoA, the results varied considerably from day 
to day and from one batch of enzyme to the next. This varia- 
bility is almost certainly due to the necessity of emulsifying the 
glycerides of long chain fatty acids, which have little or no solu- 
bility in water, so that they may penetrate to the enzyme sur- 
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Fig. 1. Stimulation of triglyceride synthesis by Mgtt and 
Mn**. Conditions were similar to those given in Table I, except 
that the cation concentration was varied as shown. 


Time. (MIN) 


Fic. 2. Time course of triglyceride synthesis from palmitoyl- 
CoA and diglyceride. Conditions were similar to those described 
in Table I, except that the time of incubation was varied as shown. 


face. In the experiment shown in Table III, all glyceride sus- 
pensions were treated identically as far as possible, by shaking 
them in 1% Tween 20 for 30 minutes in a mechanical shaker 
just before using them. The suspensions were then tested on 
the same day with the same enzyme preparation. 

It can be seen from the data in Table III that diglycerides 
with short chain, saturated fatty acids are definitely active, and 
that dilaurin is more active than dioctanoin. In contrast, dipal- 
mitin is completely inactive. These findings illustrate the im- 
portance of the physical state of the diglyceride, since dipalmitin 
is extremely difficult to emulsify. The activity of the enzyme 
toward long chain, unsaturated diglycerides is thus probably 
attributable to the superior ease of emulsification of the un- 
saturated diglycerides, rather than to a true specificity for double 
bonds. 
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TaBLeE III 
Effect of various glycerides on conversion of palmitoyl-CoA to lipid 
The conditions of the experiment were as described in Table I, 
except that a microsomal fraction of chicken liver was used as 
enzyme. The stimulation of lipid synthesis observed with D-a,£- 
diolein is arbitrarily set at 100, and activity of other acceptors is 
expressed as percentages of this value. 


Acceptor Lipid formation® 
DL-a-Palmitoyl-3-oleyl diglyceride............... 44 


* Calculated from isotope incorporation. 


TaBLE IV 
Activity of various glycerides as acceptors in lecithin synthesis 
Experimental conditions were closely similar to Table III, ex- 
cept that 0.5 umole of CDP-choline labeled with choline-1,2-C" 
(15,000 counts per uwmole) replaced the labeled palmitoyl-CoA. 
The synthesis of lecithin was measured as previously described 
(15). 


DL-a-Palmitoyl-8-oleyl diglyceride...... 39 


In several experiments, D-a,8-diolein was found to be ap- 
proximately twice as active as L-a ,6-diolein. 

Glycerol, when tested in experiments not shown in Table III, 
was quite inert as an acceptor. Only very low activity is shown 
by pi-a-monoolein (Table ITT). 

Specificity for Diglycerides in Synthesis of Lecithin—A com- 
parison of the activities of various glycerides as substrates in the 
synthesis of triglycerides and of lecithin is of considerable in- 
terest. Accordingly, the glycerides tested in Table III were also 
tested as acceptors of the phosphorylcholine moiety of CDP- 
choline, with the use of conditions as closely similar as possible 
to those used in the assay for triglyceride synthesis, and with 
the same preparation of chicken liver microsomes as enzyme. 
The results, shown in Table IV, indicate a very different pattern 
of specificity for the two enzymes. | 

The enzyme catalyzing the synthesis of lecithin is at least 5 
times as active with p-a,@-diolein as with the L-enantiomorph. 
These dioleins had been stored for many months, and it appears 
that some racemization had taken place, since in other tests with 
freshly prepared dioleins, it was repeatedly found that p-a,f- 
diolein is at least 10 times as active as L-a,8-diolein. In any 
case, the stereospecificity in lecithin synthesis appears to be con- 
siderably higher than in triglyceride synthesis. 

No stimulation of lecithin synthesis by dioactanoin or dilaurin 
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could be detected under conditions in which these shorter chain 
diglycerides stimulate triglyceride synthesis. However, in other 
experiments not shown, some slight activity with dioctanoin 
could be detected at lower concentrations of diglycerides. 

Other Properties of Enzyme—The pH optimum for the enzyme 
is rather broad, lying between pH 7 and 9. It is inhibited 50% 
by 0.03 m sodium fluoride. Half the maximal activity is shown 
at concentrations of about 10-4 m palmitoyl-CoA; however, side 
reactions also lead to the disappearance of palmitoyl-CoA. 


DISCUSSION 


Investigations on a wide range of biosynthetic processes have 
led to recognition of the principle that, in general, separate path- 
ways exist for the synthesis and degradation of complex mole- 
cules. This is true, even though it has been clearly demonstrated 
that the enzymatic hydrolysis of proteins and of triglycerides, 
for example, is reversible. Pathways which lead to an efficient 
synthesis de novo of cell constituents are characterized by a 
dependence on the coupled breakdown of ATP as the ultimate 
source of free energy to drive the reactions toward synthesis, and 
the scheme proposed in Fig. 3 to account for the conversion of 
free glycerol to triglyceride is no exception. ATP is required for 
the phosphorylation of glycerol (16) and for the formation of 3 
moles of fatty acyl-CoA; thus a total of 4 moles of ATP is required 
for the over-all series of reactions. 

No direct acylation of glycerol has been observed in these 
studies, nor has such a reaction been reported by others (4, 9). 
On the basis of the evidence to date, it would seem that phos- 
phorylation of glycerol by glycerokinase is an obligatory step in 
the conversion of glycerol either to phosphatides or to neutral 
fat (17). The distribution of glycerokinase in mammalian 


tissues is quite limited, being found principally in liver, kidney, . 


and heart (16, 18). |It is known that glycerol is not converted 
to lipids to any appreciable extent in its passage through the 
intestinal mucosa, a finding that is consistent with the failure to 
find glycerokinase in this tissue. The glycerol moiety of lipids 
newly synthesized by the intestinal mucosa must arise from 
glycerophosphate derived from glycolysis; Buell and Reiser (5) 
have offered evidence that this is so. 

An important feature of Fig. 3 is the occurrence of phosphatidic 
acids and a,f-diglycerides as intermediates. Rossiter et al. 
(19) and the Hokins (20) have also reported evidence for im- 
portant metabolic functions of these substances. The occurrence 
of a phosphatase, widely distributed in mammalian tissues, which 
cleaves phosphatidic acids with the formation of b-a ,B-diglycer- 
ides (21) has been confirmed (20). 

It should be emphasized that phosphatidic acids and a,f- 
diglycerides are families of compounds, with fatty acids residues 
varying in chain length and degree of unsaturation. To say 
that these compounds are precursors both of lecithin and tri- 
glyceride does not mean that the fatty acid composition of lecithin 
and triglyceride in a given tissue must be the same. Obviously, 
the enzymes catalyzing the synthesis of phospholipids and neutral 
fat may be specific for diglycerides of different fatty acid com- 
position. The study in vitro of the specificity of these enzymes 
toward diglycerides is hampered by technical difficulties in deal- 
ing with these water-insoluble substrates. Nevertheless, the 
data in Tables III and IV, even though only semiquantitative, 
indicate that the specificities of the lecithin-synthesizing and 
triglyceride-synthesizing enzymes are not identical. The phos- 
phorylcholine-glyceride transferase displays a much higher speci- 
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CHa-O-P 
| 2 RCO-S-CoA 
Cc R 
INOSITOL CHa-O-P 
LECITHIN C 
< RCOOC 
PHOSPHATIDYL CH20H 
ETHANOLAMINE 
RCO-S-CoA 
CHs00CR 
CH200CR 


Fic. 3. Pathways for the conversion of glycerol to triglyceride 
and phosphatides. 


ficity for the p-enantiomorph than does the triglyceride enzyme; 
this can hardly be explained on the basis of differences in prepar- 
ing the emulsions. Also the triglyceride enzyme is quite active 
with pi-dilaurin, whereas no activity can be detected with this 
substrate under these conditions in lecithin synthesis. The same 
considerations apply to the biosynthesis of phosphatidylethanol- 
amine and lecithin, which need not, and in fact do not, have the 
same fatty acid content. This point has not been sufficiently 
considered by workers concerned with the fatty acid composition 
of various lipids (22). 

The enzymatic synthesis of triglycerides is not affected by 
concentrations of calcium ion which completely inhibit the syn- 
thesis of lecithin. It is possible that the control of calcium 
concentration within the intracellular particles in which these 
biosynthetic processes take place may be of physiological impor- 
tance in directing the course of lipid metabolism. 


SUMMARY 


An enzyme has been found in chicken liver which catalyzes 
the net synthesis of triglyceride according to the following equa- 
tion: 

RCO—S—CoA + a,§-diglyceride — triglyceride + CoASH 


The specificities of this enzyme and of the phosphorylcho- 
line-glyceride transferase for various glycerides as acceptors are 
compared. Other properties of the enzyme are described, and 
evidence that L-a-glycerophosphate, phosphatidic acids, and 
a ,8-diglycerides are obligate intermediates in the synthesis of 
triglyceride is discussed. 
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Recent work in this laboratory (1) has demonstrated the 
presence in chicken liver and other tissues of an enzyme (phos- 
phorylcholine-ceramide transferase) which catalyzes the synthesis 
of sphingomyelins from cytidine diphosphate-choline and various 
ceramides (N-acyl sphingosines), as shown in Equation 1. 


Ceramide + Cyt-P-P-choline = sphingomyelin + CMP (1) 


The ceramides active in this system have the threo configuration 
and a triple or trans double bond. Ceramides containing the 
naturally occurring erythro isomers of sphingosine (2) and those 
with a cis double bond or no double bond are much less active. 
Since UDP-galactose appeared to be the most probable precursor 
of the galactose portion of cerebrosides, it has been postulated 
that cerebrosides might be synthesized by an analogous reaction 
(1, 3). 

Ceramide + UDP-galactose — cerebroside + UDP (2) 


In the present work, UDP-galactose, labeled with galactose- 
1-C“, has been prepared and used to study the formation 
of galactose-containing sphingolipids. An enzyme catalyzing 
Reaction 2 has not been found, but an enzyme (galactosyl- 
sphingosine transferase) catalyzing the formation of psychosine 
(galactosyl-sphingosine), as shown in Equation 3, has been found 
in microsomes from the brains of guinea pigs and young rats. 


Sphingosine + UDP-galactose — psychosine + UDP (3) 


This enzyme is most active with the two common naturally 
occurring sphingosines, the erythro-trans and_ erythro-dihydro 
compounds (2), but shows some activity with a number of other 
isomers as well. A preliminary report has been published on a 
portion of this work (4). 


METHODS 


A microsome fraction was obtained from the whole brains of 
150-g guinea pigs or 14 to 20-day-old rats. The freshly removed 
brains were homogenized with 4 volumes of 0.25 mM sucrose 
containing 0.001 mM Versene (disodium salt of ethylenediamine- 
tetraacetic acid, Dow Chemical Company), pH 8, using first an 
all glass loose fitting Potter-Elvehjem homogenizer, and then 
one with a close fitting Teflon pestle. The homogenate was 
centrifuged at 10,000 x g for 15 minutes at 0°, and the precipitate 
was rehomogenized with sufficient sucrose-Versene solution to 
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restore the original volume and centrifuged again. The com- 
bined supernatant solutions were centrifuged at 12,000 x g for 
15 minutes at 0°, and the supernatant solution from this step 
recentrifuged at 28,000 x g for 90 minutes at 0°. This superna- 
tant solution was removed completely by careful suction, and 
the white pellet was resuspended in one-fifth the original cell 
volume of 0.02 m Tris buffer, pH 8, containing 0.001 m Versene, 
and frozen. Such preparations lost no activity when stored for 
several months in the deep freeze. Microsomes prepared by a 
similar method have been shown to be nearly free from mito- 
chondria and to consist largely of single-membrane material low 
in RNA (5). For studies of the intracellular distribution of the 
enzyme, mitochondria were prepared from the 10,000 x g pre- 
cipitates discarded above by resuspension in sucrose-Versene 
solution, centrifugation at 1,500 x g for 10 minutes at 0° to 
remove debris, and finally sedimentation at 8,000 x g for 10 
minutes at 0°. RNA-rich microsomes were obtained by cen- 
trifuging the 28,000 x g supernatant solution at 105,000 x g 
for 60 minutes at 0°. 

a-p-Galactose 1-phosphate was prepared enzymatically with 
the use of guinea pig liver galactokinase (6). Six 150-g guinea 
pigs were fed lactose ad libitum for 4 days, fasted 1 day, and killed. 
The following operations were carried out at 0°. The livers 
were homogenized in a Potter-Elvehjem homogenizer with 2 
volumes of a solution containing 1°% KCl, 0.005 m Versene, 
0.005 m MgClo, 0.005 m galactose, and 0.005 m Tris, final pH 7.7. 
The homogenate was centrifuged at 28,000 x g for 30 minutes 
and filtered to remove fat. To the filtrate was added slowly 
with stirring 0.6 volume of saturated ammonium sulfate. After 
15 minutes of stirring, the solution was centrifuged and the 
precipitate discarded. To the supernatant solution was added 
0.56 volume of saturated ammonium sulfate. After 15 minutes 
of stirring, the solution was centrifuged and the supernatant 
fluid discarded. The precipitate was dissolved in 4 ml of water, 
dialyzed with stirring for 2 hours at 2° against | liter of a solution 
containing 0.001 M galactose, 0.001 Mm Versene, and 0.01 m Tris, 
pH 7.7, and lyophilized. The lyophilized powder (1 g) is stable 
indefinitely in the Deep-Freeze. 

Twenty milligrams of this enzyme in a | ml system phos- 
phorvlate 4 to 6 umoles of galactose per hour with no apparent 
side reactions. With the use of 800 mg of enzyme, 0.12 mmole 
of galactose-1-C™, 0.4 mmole of ATP at the start plus 0.4 mmole 
more after 30 minutes, 0.4 mmole of MgCl., 0.8 mmole of NaF, 
and 1.8 mmoles of Tris, pH 7.7, in 40 ml volume at 37° for 2 
hours, a 90°% yield of galactose-1-P-C™ was obtained. With 
1.67 mmoles of unlabeled galactose, 0.6 mmole of ATP at the 
start plus an equal amount added after 40 minutes, | g of en- 
zyme and the same concentrations as above of other reagents 
in SO ml volume at 37° for 3 hours, 0.62 mmole of galactose-1-P 
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was isolated. During these phosphorylations, the pH was main- 
tained at 7.7 by addition of base as needed. 

The enzymatic reaction was stopped by addition of 3 volumes 
of ethanol, and the precipitated protein was extracted three 
times with one-third volume of 75% ethanol. The combined 
ethanol extracts were evaporated to a small volume in a rotary 
flash evaporator, diluted to 5 times the reaction volume with 
water, adjusted to pH 9 with ammonia, and absorbed onal X 25 
cm bed of Dowex 1 resin (formate form), 10% cross-linked,! 200 
to 400 mesh. Gradient elution (7) was then carried out, with 
the use of a 250-ml mixing chamber containing water initially, 
and an upper reservoir containing 0.4 mM ammonium formate 
made to pH 8.5 with ammonia. Galactose-1-P emerged from 
the column after 200 ml of effluent, followed closely by inorganic 
phosphate. Rechromatography was sometimes necessary to 
remove all orthophosphate. The galactose-1-P fractions were 
concentrated to 0.1 m, a 10% excess of BaCl, was added, and the 
barium salt of galactose-1-P precipitated by addition of ethanol. 
It was reprecipitated three times by solution in water and addi- 
tion of ethanol. The yield in this isolation procedure is quantita- 
tive, and the product is free from inorganic phosphate since the 
pH is never lowered below 7. 

UDP-galactose-C' was synthesized chemically from galactose- 
1-P and the phosphoramidate or phosphoromorpholidate of 
UMP (8, 9). The barium salt of galactose-1-P was dissolved 
in a minimum amount of water, passed through a bed of Dowex 
50 resin (H* form), and neutralized with 1 equivalent of tri-n- 
octylamine. Sufficient absolute ethanol was added to produce 
a homogeneous solution, and the solution was taken to dryness 
in a rotary flash evaporator with further additions of ethanol as 
needed to maintain homogeneity. The resulting gummy salt 
was dried by solution in dry benzene and evaporation of the 
solvent in the rotary evaporator. It was then dissolved in 
benzene, taken to dryness in the vessel to be used for the reac- 
tion, and stored in a vacuum over POs. UMP-amidate free 
from formamide was prepared from UMP and ammonia with 
dicyclohexy! carbodiimide (8, 9). UMP-morpholidate was pre- 
pared similarly, with morpholine instead of ammonia. 

The reaction of equimolor amounts of UMP-amidate and 
galactose-1-P-C™ in dry pyridine for 3 to 7 days at room tempera- 
ture or 37° gave a 10% yield of UDP-galactose. An excess of 
UMP-amidate caused the formation of more polymerized nucleo- 
tides, and likewise gave a 10% yield, based on galactose-1-P. 
A yield of 20% UDP-galactose was obtained after 3 days at 
room temperature with the use of a preparation of UMP-mor- 
pholidate, both reactants being 0.05 m in dry pyridine. The 
reaction products were separated by gradient elution chroma- 
tography on Dowex | resin (chloride form), 10% cross-linked, 
with 0.003 n HCl in the mixing chamber and 0.12 m KCl, 0.003 
w HC] in the upper reservior.2, The UDP-galactose fractions 
(emerging between 550 and 750 ml of eluate from a 1.4 x 25 
cm resin bed) were absorbed on a bed of Norit A charcoal and 
Celite (Johns-Manville No. 503), 1-1 with 10 mg charcoal per 
umole of UDP-galactose, and the bed was washed free from salts. 


1 Inorganic phosphate is separated from galactose-1-P by 10% 
cross linked Dowex 1 (formate form), but not by 2% cross linked 
resin. 

? The other compounds besides UDP-galactose eluted from the 
column are mainly unchanged UMP-morpholidate, UMP, and 
galactose-1-P, which can be recovered for reuse. Unlabeled 
UDP-galactose could be prepared in much better yield, based on 
morpholidate, with the use of a 4-fold excess of galactose-1-P (9). 
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The UDP-galactose was eluted with 50% aqueous ethanol con- 
taining 0.5% ammonia, and the eluate was evaporated to dryness 
in a rotary flash evaporator to give the diammonium salt. Anal- 
ysis by paper chromatography (9) showed the product to be 
96% pure on a radiocarbon basis and 93% pure on the basis of 
ultraviolet absorption. 

The name sphingosine will be used in this paper for the basic 
1 ,3-dihydroxy-2-amino-4-octadecene structure, and the related 
1 ,3-dihydroxy-2-amino-4-octadecane and octadecyne compounds 
will be called dihydrosphingosine and acetylenic sphingosine, 
respectively. Natural sphingosine will be taken to mean a 
mixture of p-erythro-trans and p-erythro-dihydrosphingosines of 
varying double bond content isolated from natural sources, 
The name psychosine will be used for 1-O-galactosyl-p-erythro- 
trans-sphingosine and dihydropsychosine for the related com- 
pound with no double bond. Psychosine prepared by hydrolysis 
of cerebrosides contains some of the dihydro compound, if the 
cerebrosides used contain any dihydrosphingosine. 

Cerebrosides were prepared from beef spinal cord lipids (10), 
and psychosine was obtained by hydrolysis of cerebrosides with 
barium hydroxide (2). The crude psychosine sulfate from this 
hydrolysis was then purified by taking advantage of the unusual 
behavior of psychosine when absorbed on ion exchange resins. 
It was dissolved in water and absorbed on a bed of IRC-50 resin 
(H+ form), and the bed was washed with water, 3 N HCl, and 
water again. The psychosine was then eluted with 0.05 n HCl 
in 50° aqueous methanol. The free base was obtained by 
neutralization, removal of methanol under reduced pressure, and 
filtration. It was further purified by gradient elution chroma- 
tography on activated silicic acid (7), with 5% methanol in 
chloroform in the mixing chamber, and 35% methanol in chloro- 
form in the upper reservoir. This product had at least 95% 
double bond content as assayed by bromine uptake (11). Dihy- 
dropsychosine was prepared by hydrogenation (2), followed by 
chromatography on silicic acid with the above solvents. (Dihy- 
drosphingolipids are eluted only slightly more rapidly than their 
unsaturated analogues.) Sphingosine isomers and related com- 
pounds were generous gifts of Dr. H. It. Carter, Dr. P. O’Connell, 
and the Upjohn Company, and Professor C. A. Grob and Ciba 
Pharmaceutical Products, Inc. Natural sphingosine with at 
least 75% double bond content was also prepared by hydrolysis 
of cerebrosides (12) and gradient elution chromatography as the 
free base on silicic acid, with chloroform in the mixing chamber 
and 18% methanol in chloroform in the upper reservoir. The 
ninhydrin method was used for determinations of sphingosine 
and psychosine (13). 

DNP-erythro-trans-sphingosine and DNP*-psychosine were 
formed by reaction of the amine at room temperature overnight 
with excess fluorodinitrobenzene in 90% ethanol saturated with 
sodium carbonate. The reactions were second order with rate 
constants of 2.2 and 5.4 m-! minutes~ for sphingosine and 
psychosine, respectively. Heating during the reaction led to 
formation of by products with more complex ultraviolet spectra 
and faster flow rates on silicic acid columns. The dinitrophenyl 
derivatives chromatograph very well on silicic acid, DNP- 
sphingosine being eluted with 30% chloroform in benzene in the 
column and mixing chamber, and chloroform in the upper reser- 
voir; and DNP-psychosine with chloroform in the column and 
mixing chamber, and 12% methanol in chloroform in the upper 
reservoir. Their ultraviolet absorption spectra are identical 


* The abbreviation used is: DNP, 2,4-dinitrophenyl. 


Cy, 
Ww 
te 
in 
2 
an 
tic 
it 
th 
We 
ins 
of 
3 
| A 
wi 
vig 
tie 
fo 
wa 
co 
ch 
be 
as 
lip 
10 
ce 
we 
cal 
sor 
| 
spl 
| gal 
ie 
| thre 
the 
spl 
of 
 ush 
me 
| fro 
ml 
( 
in 
but 
ase 
Tal 
6As 
usec 
C 
the 
 brai 
dist 


ont SP 2 


— 


— 


7, 


— 


January 1960 
with molar extinction coefficients at 350 my of 16,800 and 17,600, 
respectively. The trans double bond peak at 10.3 yw in the 
infrared is present in both derivatives. DNP-psychosine reduces 
2 moles of periodate per mole overnight at room temperature 
and contains 1 mole of sugar, as assayed by hydrolysis and reac- 
tion with anthrone (14). It is a very convenient marker, since 
it chromatographs between the closely running peaks of cerasine 
and phrenosine, the two major cerebrosides. 

Two methods of assay were used to determine the formation of 
labeled galactolipids. For routine measurement of total lipids, 
the reaction was stopped with 3 ml of methanol, and the lipids 
were extracted at 55° for 5 minutes. After centrifugation, the 
insoluble material was extracted twice more with portions of 3 ml 
of methanol. The combined methanol extracts were placed in a 
35-ml Maizel-Gerson vessel and made basic to phenolphthalein. 
After the addition of 5 ml of chloroform, the tube was filled to 
within 1 cm of the top with 2 m KCl, stoppered, and shaken 
vigorously. The phases were separated by low speed centrifuga- 
tion, and the aqueous phase removed by aspiration. The chloro- 
form phase was washed 3 more times with KCl and once with 
water, and an aliquot plated in an aluminum cup, dried, and 
counted in a gas flow counter. Pure psychosine is soluble in 
chloroform only to the extent of about 50 mumoles per ml, but 
below this concentration is not extracted into an aqueous phase 
as long as the pH is basic. For the determination of neutral 
lipids only, the method of Burton et al. (3) was used, in which 
ionic materials are absorbed by a mixed bed of ion exchange 
resins. This column removes psychosine completely, but not 
cerebrosides and other neutral lipids. Although experiments 
were usually carried out with a 0.5 ml system, all results were 
calculated as mumoles per 1.0 ml system for purposes of compari- 
son. 


RESULTS 


Incubation of UDP-galactose-C™ with guinea pig brain and 
spinal cord homogenates and various lipid acceptors showed 
galactolipid formation from erythro-trans-sphingosine, and to 
a slight extent, from N-acetyl-threo-trans-sphingosine. The 
threo and N-acetyl-erythro-sphingosines showed little activity 
(Table I). Upon fractionation of the homogenates, however, 
the activity with ceramides disappeared and that with the free 
sphingosines increased. In Table II are shown the activities 
of sphingosines and related compounds available for testing 
using the 28,000 x g microsome fraction. In another experi- 
ment not shown in the table, p-erythro-trans-sphingosine isolated 
from cerebrosides gave an incorporation of 10.3 mumoles per 
ml and the synthetic pLt-compound gave 9.8 mumoles per ml. 

Galactose Donor—The specificity for galactose donor is shown 
in Table III. UDP-galactose is evidently the primary donor, 
but it appears that sufficient galactose-1-P uridy] transferase is 
present to permit UDP-glucose and galactose-1-P to be used just 
as effectively. An assay for this transferase activity, shown in 
Table IV, shows that UDP-galactose is formed at least 5 times 
as rapidly as it is usually consumed by reaction with sphingosine. 
As a result, UDP-glucose and galactose-1-P were frequently 
used in routine experiments in place of UDP-galactose. 

Cellular Localization of Activity—The results of a study of 
the cellular localization of enzymatic activity with guinea pig 
brain are shown in Table V. The observed incorporations are 
listed in the two left columns, and the incorporations per mg of 
enzyme are in the right hand columns. The weight of enzyme in 
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TABLE I 
Acceptors for incorporation of galactose-C' into lipids 

Each tube contained 0.06 umole of UDP-galactose-C™, 100,000 
c.p.m. per umole; 0.16 umole of UDP-glucose; 2 umoles of cysteine; 
1 umole of MgCl; 0.2 umole of MnCl.; 0.6 umole of crude ATP; 
0.08 umole of UTP; 0.4 umole of acceptor added as a 0.02 m solu- 
tion in 2.5% Tween; and 0.1 ml of a 20% homogenate of guinea pig 
brain in 0.075 m Tris, pH 8.3, and 0.001 m Versene. The total vol- 
ume was 0.2 ml and the tubes were incubated at 37° for 2 hours. 


Galactose-C™ 


Acceptor incorporated 


myumoles/ml 
DL-erythro-trans-Sphingosine 
DL-threo-trans-Sphingosine 
No acceptor, Tween only 


TaB_eE II 
Acceptors for incorporation of galactose-C™ into lipids 

Each tube contained 0.5 umole of galactose-1-P-C™, 100,000 
c.p.m. per umole; 0.5 umole of UDP-glucose; 2 wmoles of MgCl:; 
20 umoles of Tris, pH 8.4; either 0.1 ml of microsomes from guinea 
pig brain or 0.14 ml of microsomes from the brains of young rats; 
and 0.1 ml of acceptor solution in0.5 ml volume. Acceptors were 
0.02 min 1% Tween. The tubes were incubated 2 hours at 37°. 


Galactose-C™ incorporated 
Acceptor 
Guinea pig | Young rat 
myumoles/mi | mymoles/mi 
pL-Erythro-1 ,3-Dihydroxy -2-amino-4- 11.2 16.1 
trans-octadecene 
p-Erythro-1,3-Dihydroxy-2-aminooctade- 10.4 13.7 
cane 
pL-Erythro-1 ,3-Dihydroxy-2-amino-4-cis- 5.4 9.7 
octadecene 
pL-Erythro-1 ,3-Dihydroxy-2-amino-4- 9.2 
heptadecyne 
pL-l-Hydroxy-2-amino-octadecane 6.3 11.6 
pL-Threo-1 ,3-Dihydroxy-2-amino-4-octa- 4.5 8.3 
decyne 
DL-Threo-1 ,3-Dihydroxy-2-amino-4-trans- 3.6 
octadecene 
DL-Threo-1 ,3-Dihydroxy-2-aminooctade- 2.8 
cane 
pL-Threo-1 ,3-Dihydroxy -2-amino-4-cis- 5.8 
octadecene 
pL-Threo-1 ,3-Dihydroxy-2-amino-4-trans- 2.5 
nonadecene 
pL-Threo-1 ,3-Dihydroxy-2-amino-4-trans- 2.4 
heptadecene 
pL-Threo-1 ,3-Dihydroxy-2-amino-4-cis- 3.4 
heptadecene 
DL-Threo-1 ,3-Dihydroxy-2-amino-4-trans- 
tridecene 
p-1,3,4-Trihydroxy-2-aminooctadecane 5.0 
Tween only, no acceptor 1.0 3.2 


each tube was determined by drying the insoluble residue from 
the methanol extractions and measuring the total organic solids 
(15). A similar less complete fractionation of calf and young 
rat brains showed the highest incorporation per mg of enzyme in 
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TaB_e III with manganese. The effect of varying the concentration of 


Galactose donors for galactolipid formation 
The incubation system was similar to that shown in Table II, 
with microsomes from guinea pig brains and puL-erythro-trans- 
sphingosine as acceptor. Galactose donors had specific activities 
of 100,000 c.p.m. per umole. 


Galactose-C™ incorporated 


Donor Concentration 
pmoles/ml myumoles/ml myumoles/ml 
UDP-galactose 1 14.1 
Galactose-1-P 2 15.3 
+ UDP-glucose 1 
Galactose-1-P 2 1.6 2.2 
Galactose 2 1.8 3.32 
TaBLe IV 


Galactose-1-P uridyl transferase activity 


The incubation system was similar to that shown in Table II 
with no acceptor and 0.05 ml of brain microsomes in a volume of 


0.25 ml. UDP-galactose formation was followed by determina- 
tion of charcoal-absorbable counts. 
UDP-galactose synthesized 
Source of microsomes 
0 min. 30 min. 60 min 
mumoles/ml mpmoles/ml mypmoles/ml 
Young rat 1.5 35.3 60.5 
Guinea pig 0 17.2 35.3 
TABLE V 


Cellular localization of enzymatic activity in guinea pig brain 

The incubation system was similar to that shown in Table II, 
with pL-erythro-trans-sphingosine as acceptor. Each tube con- 
tained 0.2 ml of the 105,000 X g supernate, or 0.1 ml of the other 
fractions in 0.5 ml volume. Cell fractions were prepared as de- 
scribed in the text. 


Galactose-C'* incorporated 
Cell fraction 
Tween only, Plus Tween only, Plus 
no acceptor | sphingosine | no acceptor | sphingosine 
mypmoles/ml | mymoles/ml | mumoles/mg | mumoles/mg 
Washed debris 0.6 1.6 0.2 0.5 
Mitochondria 0.1 0.3 0 0.1 
28,000 X g micro- 0.7 10.2 0.2 2.9 
somes 
105,000 X g micro- 0.4 2.9 0.1 1.0 
somes 
105,000 X g supernate 0.5 0.5 0.4 0.4 


the 28,000 x g microsomes, with less activity in the 10,000 x g 
and 105,000 x g particles. The incorporations were 2.7, 2.1, and 
1.2 mumoles per mg for young rat, guinea pig, and calf cerebrum, 
respectively. Homogenates of the spinal cords of embryonic pigs 
also show this enzymatic activity, but no further fractionation 
has been attempted. 

Requirement for Cation and Emulsifier—The requirement for 
divalent cations is shown in Fig. 1. At the higher ion concen- 
trations the particles clump together and precipitate, especially 


Tween-20 (polyoxyethylene sorbitan monolaurate, Atlas Powder 
Company) present is shown in Fig. 2 with pt-erythro-trans- 
sphingosine as substrate. It is quite possible that a somewhat 
different curve would be obtained with another substrate. The 
erythro-sphingosines form slightly opalescent micellar solutions 
at 0.02 m in 1% Tween at 37°, but precipitate at room tempera- 
ture. The threo isomers are considerably less soluble, and 
generally cannot be kept completely in solution at 37°. In the 
usual experiments, 4 wmoles per ml of sphingosine in solution 
as described above were added, giving a final Tween concentra- 
tion of 2 mg per ml. 

Optimal pH and Acceptor Concentrations—The variation of 
activity with pH is shown in Fig. 3. In Fig. 4 are shown concen- 
tration curves for p1L-erythro-trans, and and pt-erythro-dihydro- 
sphingosines. The Tween concentration is not constant in these 
experiments, but is proportional to the sphingosine added, since 
the sphingosines were added as 0.02 m solutions in 1% Tween. 
This was done because Tween alone, with no sphingosine present, 
inhibits the endogenous blank considerably, and it was thought 
that the concentration at which Tween became inhibitory would 
probably vary with the amount of sphingosine added. 
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Fic. 1. Requirement for divalent cation. The incubation sys- 
tem was similar to that shown in Table II, with pL-erythro-trans- 
sphingosine as acceptor and spinal cord microsomes from guinea 
pigs. UDP-galactose-C', 100,000 c.p.m. per wmole, was used in- 
stead of galactose-1-P and UDP-glucose. Magnesium and man- 
ganese were varied as shown. 
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Fic. 2. Effect of Tween concentration. The incubation system 
was similar to that shown in Table II, with p.L-erythro-trans- 
sphingosine as acceptor and brain microsomes from guinea pigs. 
The amount of Tween-20 in the final system was varied as shown. 
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Michaelis Constant for UDP-Galactose—The effect of varying 
the amount of UDP-galactose added is shown in Fig. 5. Since 
the reaction is essentially linear for the 2-hour incubation period, 
these data were used to calculate an approximate Michaelis con- 
stant for UDP-galactose. A double reciprocal plot yielded a 
value of 2.56 X 10-4 m. The concentration of UDP-galactose 
synthesized in the microsomes from UDP-glucose and galactose- 
1-P (Table IV) is considerably less than this value. This newly 
synthesized UDP-galactose must be held preferentially within 
the microsomes, since it effectively saturates galactosyl-sphingo- 
sine transferase (Table III). 

Identity of Labeled Product—Since the incorporation of labeled 
galactose into lipids was stimulated by sphingosine, the simplest 
product of the reaction would be psychosine. This supposition 
is supported by the fact that, as shown in Table VI, the labeled 
product is almost completely absorbed by a mixed bed of ion 
exchange resins, and is thus not a neutral lipid. More direct 
evidence was obtained by carrier cochromatography with known 
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Fic. 3. Optimal pH values. The incubation system was simi- 
lar to that shown in Table II, with p1L-erythro-trans-sphingosine 
as acceptor and brain microsomes from guinea pigs. The pH of 
the Tris buffer added to the system was varied as shown. 
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Fig. 4. Effect of varying sphingosine concentration. The in- 


cubation systems were similar to that shown in Table II, with 
brain microsomes from guinea pigs. Sphingosine concentrations 
were varied by adding different amounts of 0.02 m solutions in 1% 
Tween. @——@, in one experi- 
ment; @---@, pi-erythro-dihydrosphingosine; @----@, D-erythro- 
dihydrosphingosine in another experiment. In this second ex- 
periment, pL-erythro-trans-sphingosine, 4 ymoles per ml, gave 21.2 
mymoles per ml incorporation. 
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Fic. 5. Effect of varying UDP-galactose concentration. The 
incubation system was similar to that shown in Table II, with 
pDL-erythro-trans-sphingosine as acceptor and brain microsomes 
from guinea pigs. Galactose-1-P and UDP-glucose were omitted, 
and UDP-galactose, 100,000 c.p.m. per umole, was added as shown. 


TaBLe VI 
Identity of labeled product 
Two tubes were incubated with the system shown in Table II 
with 0.3 ml of brain microsomes from young rats in 1 ml volume. 
One tube contained DL-erythro-trans-sphingosine as acceptor, the 
other only Tween. After 2 hourg-at 37°, 0.4 ml of each tube was 
analyzed by each assay method. 


Galactose-C™ incorporated 


Assay 
Tween only, 


no acceptor Plus sphingosine 


mypmoles/ml mpmoles/ml 
Total lipid 2.0 21.2 
Neutral lipid 1.6 2.9 


psychosine. If psychosine is present in the reaction mixture and 
a standard total lipid assay is employed as described under 
‘““Methods,”’ most of the psychosine will not be soluble in the 
chloroform phase at the end of the assay and will collect at the 
interface or be sucked off with the aqueous layer. For such 
experiments the procedure was modified. A 10 ml system similar 
to that described in Table II, with p1L-erythro-trans-sphingosine 
as acceptor, brain microsomes from guinea pigs, and 1 umole 
per ml of psychosine as carrier, was incubated for 3 hours at 
37° and extracted three times with 30 ml of methanol at 55° 
for 5 minutes. The methanol extracts were taken to dryness 
and absorbed on a silicic acid column from 10% methanol in 
chloroform. Gradient elution was then carried out as described 
under ‘Methods’ for separation of psychosine. Since the 
psychosine peak was somewhat obscured by other endogenous 
amino compounds such as cephalins, and considerable radio- 
activity probably of a nonlipid nature was eluted from the column 
with the psychosine, the psychosine fractions were pooled, 
acidified to pH 2, and absorbed on IRC-50 resin (H+ form). The 
bed was washed successively with water, 100 ml of 2 Nn HCl, and 
water again until the pH rose to 4. Psychosine was then eluted 
with 100 ml of 50% aqueous methanol containing 0.01 n HCl. 
About 5 umoles of this material were isolated after neutralization 
and evaporation with a specific activity of 1,100 counts per umole. 
Since the galactose-1-P used in the experiment had an activity of 
100,000 counts per umole and 10 umoles of psychosine were 
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radioactivity. Details are given in the text. 


present as carrier, the incorporation in this experiment was 11 
mymoles per ml. 

_ This material was checked further for purity by ascending 
paper chromatography with butanol, acetic acid, water (65:25: 
10) as solvent. The amino spot and radioactivity corresponded 
well and showed the proper Rr value, 0.63, for psychosine. The 
radioactivity was eluted from the paper, combined with 20 
umoles of psychosine as further carrier, and chromatographed on 
silicic acid as described under “Methods.” Only one peak of 
radioactivity was present, and coincided with the amino peak of 
the carrier psychosine. 

More sensitive carrier cochromatography was carried out with 
the dinitrophenyl] derivative of psychosine. The general proce- 
dure used was to run a 5 or 10 ml system with psychosine present 
as carrier and to extract the lipids with methanol as described 
above and treat them with fluorodinitrobenzene as described in 
“Methods.” Chloroform was added, and the salts and water- 
soluble dinitropheny]l derivatives were removed by washing five 
times with 2 m KCl or water. The chloroform phase was then 
chromatographed on silicic acid as described under “Methods.” 
These chromatograms showed several radioactive peaks probably 
resulting from radioactive nonlipid amines derived from galactose 
that formed chloroform-soluble dinitrophenyl derivatives. 
These peaks were also present in chromatograms from experi- 
ments where sphingosine was omitted. One of them chroma- 
_ tographed only a little in front of DNP-psychosine, and made 
the isolation of DNP-psychosine of high radiocarbon purity 
difficult, although it could be accomplished by repeatedly taking 
the last half of the DNP-psychosine peak and rechromatograph- 
ing it. Hydrogenation of the extracted lipids before treatment 
with fluorodinitrobenzene was helpful, since DNP - dihydro- 
psychosine chromatographs ahead of DNP-psychosine and the 
other radioactive impurity far enough for a good separation to 
be achieved upon rechromatography of the original DNP-dihy- 
dropsychosine peak. The results of such an experiment are 
shown in Fig. 6, where only a small amount of slower moving 
impurity can be seen. The specific activity of the isolated DNP- 
dihydropsychosine was 460 counts per umole, representing 
formation of 9.2 mumoles per ml of psychosine in this system. 
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In general the incorporation observed in one of these carrier 
cochromatography experiments was about the same as that 
observed with the standard assay on the same preparation of 
microsomes. 

Interference caused by the dinitropheny] derivatives of radio- 
active substances other than psychosine was also eliminated by 
— carrier psychosine out of the reaction mixture and using 

normal assay procedure to remove all nonlipids. The 
lipids thus obtained were combined with carrier psychosine, 
treated with fluorodinitrobenzene, and chromatographed. Such 
experiments showed constant specific activity in the carrier peaks 
when ptL-erythro-trans-sphingosine was the acceptor and psy- 
chosine the carrier, and when p-erythro-dihydrosphingosine was 
the acceptor and dihydropsychosine the carrier. With pt- 
erythro-cis-sphingosine as acceptor and psychosine as carrier, 
the peak of radioactivity lagged behind but overlapped the 
carrier peak, and when pi-sphingine (3-deoxy-dihydrosphingo- 
sine) was the acceptor and psychosine the carrier, the radio- 
activity formed a separate peak eluted — in front of 
the carrier peak, which contained no counts. 


DISCUSSION 


Burton et al. (3) have presented evidence that the galactose 
of UDP-galactose may be incorporated into a neutral lipid. No 
acceptors were added to their system, and the identity of the 
endogenous acceptor and the resulting product were not known 
with certainty, although the product appeared to be a cerebroside 
from its chromatographic behavior. The formation of psy- 
chosine would not have been observed by these authors, since 
the assay they used would detect only neutral lipids, as shown 
in Table VI. With the use of microsomes from the brains of 
either guinea pigs or young rats, the synthesis of psychosine in 
the presence of sphingosine is at least 10 times-as great as the 
synthesis of neutral galactolipid from endogenous acceptors in 
the absence of sphingosine. 

The specificity for lipid acceptors of the galactosyl-sphingosine 
transferase activity described in the present work is consistent 
with the identification of the sphingosines in cerebrosides as a 
mixture of the p-erythro-trans and p-erythro-dihydro compounds 
(2). A study of the data in Table II shows that the basic struc- 
ture required for the acceptor seems to be that of a 1-hydroxy-2- 
amino hydrocarbon of about 18 carbon atoms. In the threo-trans 
series there is a peak of activity at 18 carbons, and the threo-cis- 
heptadecene is less active than the threo-cis-octadecene. The 
addition of a hydroxyl on carbon 3 doubles the activity if the 
orientation is erythro and halves if it is threo, with the cis-ethylenic 
compounds being exceptions to the rule. The dihydro, trans- 
ethylenic, and acetylenic derivatives can all assume a similar 
extended molecular configuration, but the cis isomers cannot; it 
is possible that the cis isomers become oriented so that the 
3-hydroxyl is not in proximity to the enzyme surface. The 
relatively high activity shown by phytosphingosine, which has 
been shown by Carter e¢ al. (16) to be pv-1,3,4-trihydroxy-2- 
aminooctadecane, shows that the addition of a 4-hydroxyl group 
does not necessarily eliminate activity. The addition of 4,5- 
unsaturation increases activity somewhat, except for the cis 
isomers, with a triple bond adding twice as much as a trans 
double bond. If this generalization holds, the erythro-acetylenic 
sphingosine should be the most active acceptor. The 17-carbon 
analogue does show high activity, but the 18-carbon compound 
was unavailable for testing. 
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The presence of galactosyl-sphingosine transferase activity 
in brain microsomes suggests that psychosine, rather than 
ceramides, may be an intermediate in the biosynthesis of cere- 
brosides and possibly of other more complex galactolipids con- 
taining a galactosyl-sphingosine unit. The solubility charac- 
teristics of psychosine (soluble in water when protonated at 
neutral pH; formation of a completely clear 0.02 m solution as 
the free base in 1% Tween at room temperature) are more 
consistent with such a role than those of, the highly water- 
insoluble ceramides of long chain fatty acids. Preliminary 
experiments in which unlabeled acyl-CoA thioesters, when added 
to the psychosine-synthesizing system described in this paper, 
led to the formation of a neutral radioactive lipid, offer some 
support for the proposal that psychosine may be acylated to 
form a cerebroside, as shown in Equation 4. 


Psychosine + acyl-CoA — cerebroside + CoA (4) 


The transfer of galactose to ceramides, as shown earlier in Equa- 
tion 2, must be considered as an alternate pathway for cerebroside 
formation, but the failure to demonstrate any considerable activ- 
ity of this nature raises doubt about the importance of this 
pathway for cerebroside synthesis. It should be noted, however, 
that the failure to demonstrate such activity may be due to the 
lack of proper emulsification of the ceramides, and that ceramides 
synthesized within the microsomes may be much more active 
than those added to the external medium. It is also possible that 
psychosine is an intermediate in cerebroside synthesis, and 
ceramides the intermediates in the syntheses of more complex 
glycolipids. 


SUMMARY 


1. An enzyme has been found in microsomes from the brains of 
guinea pigs and young rats that catalyzes the formation of 
psychosine from sphingosine and uridine diphosphate galactose. 

2. The enzyme (galactosyl-sphingosine transferase) is highly 
specific for uridine diphosphate galactose, but appears closely 
associated with galactose 1-phosphate uridyl transferase, so that 
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uridine diphosphate glucose and galactose 1-phosphate together 
completely replace uridine diphosphate galactose. 

3. The most active galactose acceptors are the naturally 
occurring erythro-trans and erythro-dihydrosphingosines, but 
some activity is observed with other sphingosines and related 
compounds as well. 

4. Other properties of the enzyme are described. 

5. The possibility that psychosine is an intermediate in 
cerebroside biosynthesis is discussed. 

6. The preparation of stable galactokinase and its use in an 
economical synthesis of labeled a-p-galactose 1-phosphate, and 
the chemical synthesis of uridine diphosphate galactose of 95% 
purity are described. 
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The maintenance of circulating estrogens at a normal phys- 
iological level is dependent to a considerable extent on the 
inactivation of the estrogens by metabolic conversion. The 
importance of the liver in the inactivation of estrogens in the 
intact mammalian organism has been emphasized by a number 
of investigators (for a review of the early literature see (1)). 
Although there has not been precise characterization of the 
enzymatic pathway for hepatic inactivation of estrogenic sub- 
stances, there is considerable evidence to indicate that the process 
is an oxidative one (2-5). Enzyme systems which inactivate 
estrogens have been isolated from plant sources and extensively 
studied (6-10). Estrogen inactivation by these systems also 
has been found to involve oxidative steps. The present study 
demonstrates the capacity of a peroxidase system of either plant 
or animal origin to effect the inactivation of certain estrogens. 

Previous studies have demonstrated a stimulatory effect of 
thyroxine and certain related compounds on the oxidation of a 
number of hydrogen donors by the H.O2-peroxidase system (1i- 
13). For the oxidation of DPNH or TPNH by peroxidase, the 
presence of Mn++ and oxygen may substitute for hydrogen 
peroxide in the reaction mixture; the rate of this reaction also is 
increased by thyroxine (13). The oxidation of epinephrine and 
ferrocytochrome c can be coupled with the oxidation of DPNH 
or TPNH by the Mn++-peroxidase-oxygen system (11). Under 
these conditions the oxidation occurs in the absence of added 
H.Oz,, is associated with an oxygen uptake and is stimulated by 
thyroxine. The inactivation of estradiol by peroxidase in the 
presence of Mn++, DPNH (or TPNH), and oxygen, and the 
stimulation of this reaction by thyroxine is demonstrated in the 
present publication. 


EXPERIMENTAL 


Methods—The components of the reaction mixture (see leg- 
ends) were incubated at 37° in a water bath for the periods in- 
dicated. The incubation period was terminated by placing the 
flasks in a boiling water bath for 10 minutes. Estrogen assays 
were based on the increase in uterine weight in 6 to 8-g immature 
female mice (Carworth Farms strain). An aliquot of 0.1 ml of 
the reaction mixture was administered to each animal by sub- 
cutaneous injection twice a day for 3 days. The animals were 
killed 18 hours after the final injection and the uteri were dis- 
sected free, blotted, and weighed on a 50-mg Roller Smith torsion 
balance. The mean and its standard error were calculated for 
each experimental group. 

As a routine, the total amount of estradiol added to each re- 
action vessel (total volume of reaction mixture was 6.0 ml) was 
1.0 wg. Therefore, the total injected volume per animal is 
equivalent to 0.1 ug of estradiol under conditions in which the 
estrogen is not inactivated. This dose of estradiol elicits the 
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maximum response on the ascending portion of the uterine weight 
dose response curve (Fig. 1). Partial uterine responses, below 
that expected from 0.1 ug of estradiol indicates partial inactiva- 
tion of the estrogen. Only the 178 epimer of estradiol and 
estradiol esters has been used in this study. 

Materials—Horseradish peroxidase (approximately 60 PG 
units per mg) was obtained from Sigma Chemical Company. 
Myeloperoxidase was prepared as previously described (12), 
Other special reagents were obtained as follows: hydrogen per- 
oxide (Superoxol, 30%) from Merck and Company; sodium-t- 
thyroxine, estradiol, DPNH, and TPNH from Sigma Chemical 
Company, and estradiol 3-acetate and estradiol diacetate from 
Mann Research Laboratories. Estradiol 17-acetate was a gift 
to Dr. D. D. Dziewiatkowski from E. R. Squibb and Sons 
through the courtesy of Dr. E. Reifenstein, Jr. Thyroxine 
(0.001 m) was freshly dissolved in 0.002 n NaOH and the estro- 
gens (2 wg per ml) in 10% ethyl alcohol. The final concentra- 
tion of ethanol in the reaction mixture was 0.35%. 


RESULTS 


The inactivation of estradiol by the H.O:-horseradish per- 
oxidase system and the H.O2-myeloperoxidase system is demon- 
strated in Table I. Hydrogen peroxide or peroxidase alone was 
found to have no effect under conditions in which complete in- 
activation was produced by the complete peroxidase system. 
Peroxidase has been found to catalyze the oxidation of a number 
of hydrogen donors in the absence of added H.Oz if molecular 
oxygen and small amounts of Mn++ are present in the reaction 
mixture. However no inactivation of estradiol by horseradish 
peroxidase or myeloperoxidase was observed on the substitution 
of Mn*+ for hydrogen peroxide under the conditions employed 
in Table I. 

Estradiol 3-acetate was unaffected by the peroxidase system 
under conditions in which estradiol was rapidly inactivated 
(Table I). Estradiol-diacetate also was largely unaffected by 
the peroxidase system. On the other hand, esterification in the 
17-position to form estradiol 17-acetate did not appear to protect 
the estrogen from inactivation. This finding emphasizes the 
importance of an intact phenolic hydroxy] group in the inactiva- 
tion of estradiol by the peroxidase system. The dose of the 
estradiol esters administered was 0.1 wg. This dose gave a 
response which was on or near the ascending limb of the uterine 
weight dose response curve (Fig. 1). 

When 10 yg of horseradish peroxidase were employed complete 
inactivation of estradiol by the H.O2-peroxidase system required 
a 20-minute incubation period under the conditions employed 
in Fig. 2. Partial inactivation resulted from a decrease in the 
incubation time. The curve relating the degree of inactivation 
to the incubation time (Fig. 2) was employed to choose the 
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Fic. 1. Estrogen-uterine weight dose response curve. The dose 
was plotted on a logarithmic scale. The estrogen (@——®@, 
estradiol; O---O, estradiol diacetate; X----- X, estradiol 
17-acetate; A--—A, estradiol 3-acetate) was administered in 6 
divided doses over a 3-day period. mn = number of animals; S.E. = 
standard error determined according to the following formula 


@& 
, n(n — 1) 


TABLE I 


Inactivation of estradiol by peroxidase system 


The reaction mixture contained 200 umoles of phosphate buffer, 
pH 7.0, water to a final volume of 6.0 ml, and the additions indi- 
cated below: estradiol, 1.0 ug; estradiol 3-acetate, 1.0 ug; estradiol 
17-acetate, 1.0 ug; estradiol diacetate, 1.0 ug; horseradish peroxi- 
dase, 200 ug; myeloperoxidase solution (OD at 430 mp = 1.80), 
0.1 ec; hydrogen peroxide, 2.0 umoles; manganous chloride, 1.0 
umole. Incubation period 15 minutes. 


Additions No. of | Uterine weight 
mg 
Estradiol + horseradish peroxidase....... 20 | 32.3 + 1.6 
Estradiol + horseradish peroxidase + 

Estradiol + horseradish peroxidase + 

Estradiol + myeloperoxidase............. 10 | 34.6 + 1.6 
Estradiol + myeloperoxidase + H2O:..... 10 8.6 + 1.0 
Estradiol + myeloperoxidase + Mn**..... 10 | 36.5 + 1.2 
Estradiol 24 | 35.84 1.1 
Estradiol 3-acetate + H2O2 + horseradish 

Estradiol 20 | 38.4 + 1.1 
Estradiol 17-acetate + H2O2 + horserad- 

Estradiol 21 | 34.5414.3 
Estradiol diacetate + H:O2 + horserad- 


* + standard error. 
t No inactivation was observed when the esters of estradiol 
were incubated with either horseradish peroxidase or H2QO: alone. 
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Uterine weight (mg) 


L 


5 10 iS 20 


Incubation time (min) 


Fria. 2. Increase in the inactivation of estradiol with time. The 
reaction mixture contained 200 umoles of phosphate buffer, pH 
7.0, 1.0 ug of estradiol, 10 ug of horseradish peroxidase, 2.0 umoles 
of hydrogen peroxide, and water to a final volume of 6.0 ml. The 
incubation time was varied as indicated. 


TABLE II 


Effect of potassium cyanide and sodium azide on inactivation of 
estradiol by peroxidase system 


The conditions are as described in Fig. 2. Potassium cyanide 
and sodium azide were added at the final concentrations indicated. 
Incubation time 10 minutes. The injection of an equivalent con- 
centration of estradiol not exposed to the peroxidase system in- 
creased the uterine weight to 33.8 mg (Table I). 


Inhibitors concentra Uterine weight 

M mg 
5 11.7 + 0.8* 
Potassium cyanide......... 0.001 5 23.8 + 2.1 
Potassium cyanide......... 0.01 5 32.4 + 2.3 
Sodium azide.............. 0.001 5 16.9 + 1.0 
Sodium azide.............. 0.01 5 30.1 + 2.6 


* + standard error. 


conditions most suitable for testing a number of compounds for 
their inhibitory or stimulatory effect on the inactivation of 
estradiol by the peroxidase system. Potassium cyanide and 
sodium azide, in the concentrations employed in Table II were 
found to inhibit the inactivation of estradiol by the H.O--horse- 
radish peroxidase system. ‘These compounds are known to be 
potent inhibitors of peroxidase activity. Previous studies have 
indicated that thyroxine stimulates the oxidation of a number of 
hydrogen donors by the H.0--peroxidase system (11-13). How- 
ever, in the present study, thyroxine, under a variety of condi- 
tions, appeared to have little or no effect on the inactivation of 
estradiol by horseradish peroxidase and added H.Qz. 
Epinephrine and ferrocytochrome c undergo immediate and 
rapid oxidation by horseradish peroxidase in the presence of 
Mn++ and oxygen only if DPNH (or TPNH) and thyroxine are 
added to the reaction mixture under certain conditions (11). 
Similarly under the conditions employed in Table III estradiol 
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TaBLeE III 
Inactivation of estradiol by peroxidase in presence of Mn*+, DPNH 
(or TPNH), and thyroxine 
The complete system contained 200 uzmoles of phosphate buffer, 
pH 7.0, 200 ug of horseradish peroxidase, 1.0 ymole of manganous 
chloride, 0.4 umole of DPNH (or TPNH), 1.0 ug of estradiol, 0.1 
umole of thyroxine, and water to a final volume of 6.0 ml. As- 


corbic acid (2.0 wmoles) was added as indicated. Incubation 
time was 15 minutes. 
Additions No.of | Uterine weight 
mg 
Complete DPNH system.............. 20 16.1 + 1.2* 
15 12.7 + 1.3 
Complete DPNH system + ascorbic 
Complete TPNH system.............. 5 12.9 + 1.2 
5 24.6 + 2.9 
a, 5 39.8 + 3.4 
Complete TPNH system + ascorbic 
5 32.9 + 1.7 


* + standard error. 


was inactivated by horseradish peroxidase in the absence of added 
H.O: if Mn++, DPNH (or TPNH), and thyroxine are added to 
the reaction mixture. The requirement for each component of 
the complete system is indicated. Of particular interest is the 
stimulation of estrogen inactivation by thyroxine under the 
conditions employed in Table III. This is in contrast to the lack 
of effect of thyroxine on the inactivation of estradiol by perox- 
idase and added H.Oz2 (see above). Ascorbic acid, which has 
been found to inhibit the oxidation of DPNH by peroxidase in 
the presence of Mn++, oxygen, and thyroxine (13) also inhibited 
the inactivation of estradiol by the peroxidase-Mnt++-DPNH (or 
TPNH)-oxygen-thyroxine system (Table ITI). 


DISCUSSION 


Estradiol has been found to stimulate the oxidation of DPNH 
by peroxidase in the presence of manganese and oxygen (14, 13). 
In addition, estradiol stimulates the oxidation of epinephrine, 
ascorbic acid, uric acid, ferrocytochrome c, DPNH, and TPNH! 
by the H.O-2-peroxidase system. The data are compatible with 
the suggestion (14) that estradiol undergoes cyclic oxidation and 
reduction under the influence of peroxidase and a suitable hy- 
drogen donor. The present study demonstrates that estradiol 
is oxidized by the peroxidase system and that the oxidation leads 
to the inactivation of estradiol as demonstrated by bioassay. 
No attempt has been made to identify the oxidation products of 
estradiol resulting from inactivation by peroxidase. The con- 
version of estradiol to estrone as well as to estriol and its epimers 
and its oxidation to 2-methoxyestrone (15-17) have been well 


1§. J. Klebanoff, unpublished data. 
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established in mammalian preparations. Several of these com- 
pounds retain significant estrogenic activity. The end productg 
of estradiol oxidation by peroxidase are compounds with little 
or no estrogenic activity. The protective effect of esterification 
in the 3-position suggests that the oxidation occurs through the 
phenolic hydroxyl] group. 

Estradiol was shown in the present study to be inactivated by 
peroxidase in the absence of added hydrogen peroxide if Mn+, 
DPNH (or TPNH), and thyroxine are present in the reaction 
mixture. DPNH is oxidized by peroxidase in the presence of 
Mn*+, oxygen, and thyroxine (13). The inhibition of this re- 
action by catalase (13) suggests that H.O: is formed and utilized 
in the course of the reaction. The rapid inactivation of estradiol 
by peroxidase in the presence of H2Oz suggests the possibility 
that H.O2 formed in the oxidation of DPNH by the Mn++. 
peroxidase-oxygen-thyroxine system may be utilized for the in- 
activation of estradiol by peroxidase. No attempt has been 
made in the present study to determine the specificity for thyrox- 
ine in this reaction. However it might be expected that other 
phenolic compounds would be equally as effective. Nevertheless 
the role of thyroxine in the inactivation of estradiol under the 
conditions employed in Table III is of particular interest in view 
of the demonstration of an interaction between thyroxine and 
estradiol in vivo (see (18)). 


SUMMARY 


1. Estradiol is inactivated by horseradish peroxidase or myelo- 
peroxidase and hydrogen peroxide. Estradiol 3-acetate and 
estradiol diacetate were largely unaffected under comparable 
conditions whereas estradiol 17-acetate was rapidly inactivated. 
The inactivation of estradiol by the horseradish peroxidase- 
hydrogen peroxide system is inhibited by potassium cyanide and 
sodium azide. 

2. Estradiol was inactivated by horseradish peroxidase in the 
absence of added H2O2 if Mn++, reduced diphosphopyridine 
nucleotide (or reduced triphosphopyridine nucleotide), and 
thyroxine were added to the reaction mixture. Ascorbic acid 
prevented the inactivation of estradiol by this system. 
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In a previous publication a partially purified antitrypsin-anti- 
plasmin preparation from bovine serum was described (1). Ex- 
perimental results agreed with the assumption that both inhibi- 
tory activities were due to a single substance. The following 
studies are an extension of this earlier investigation in an attempt 
to isolate the antiproteolytic factor from bovine blood in a pure 
state. 


EXPERIMENTAL 


Materials and Methods 


Electrophoretic Purificatton—The chemical procedure as previ- 
ously described (1) was utilized to obtain a preparation of partial 
purity, referred to in the earlier publication as Inhibitor Fraction 
II. This material was subjected to electrophoretic separation in 
the Spinco model CP continuous paper electrophoresis apparatus 
at 4°. Fraction II was dissolved in barbital buffer (pH 8.6, yu 
= 0.02) to a protein concentration of about 6%. The solution 
was fed on to Schleicher and Schuell No. 470 paper for 70 to 80 
hours with a constant current of 28 ma. Two major components 
were obtained; the faster component was found to contain 30 to 
40% of the protein and approximately 75% of the initial activity, 
whereas the slower component was comparatively inactive. The 
solution containing the faster component was dialyzed for about 
24 hours at 4° against distilled water adjusted to pH 7.0, and the 
inhibitor then precipitated at room temperature by the addition 
of ammonium sulfate to 80% saturation. The precipitate ob- 
tained after centrifugation was taken up in water, dialyzed 
against distilled water at 4° until free from ammonium sulfate, 
and the solution lyophilized. The dried material was again sub- 
jected to electrophoresis under the same conditions, and only one 
component was obtained. Recovery of the protein was 90% 
and the activity was slightly increased (Table I). Recovery of 
the inhibitor in the dry state was accomplished as described 
above. This preparation (Inhibitor Fraction IIIA) was used in 
the initial studies on characterization. 

Chromatographic Purification—Reassay of Fraction IIIA after 
several months’ storage at room temperature in a desiccator over 
calcium chloride indicated a 20 to 30% loss in activity, but 
homogeneity was noted upon boundary electrophoresis and ultra- 
centrifugation. To separate the inert material, chromatography 
on a DEAE-cellulose column was utilized (2). A 3% solution 
of stored Inhibitor Fraction IIIA was dialyzed at 4° for 24 hours 
against 0.005 m sodium phosphate buffer, pH 7.6, and applied to 
a 160 & 22 mm column packed by gravity and equilibrated with 


1N,N-Diethylaminoethyl cellulose obtained from Eastman 
Organic Chemicals, Rochester, New York. 
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the same buffer. The ratio of DEAE-cellulose to protein wag 
approximately 10:1. Gradient elution at room temperature wag 
accomplished by dropwise addition of a 0.3 m sodium chloride 
solution to a 0.005 m sodium phosphate buffer, pH 7.6, reservoir 
under constant stirring keeping all flow rates constant. The 
salt gradient and typical elution pattern are illustrated in Fig. 1. 
Portions of the preparative runs (as indicated by the vertical 
shading) were combined (Inhibitor Fraction IV) and chromato- 
graphed again under similar conditions. Fig. 2 illustrates this 
final purification yielding Inhibitor Fraction IVA. The com- 
bined fractions were dialyzed at 4° against distilled water and 
lyophilized. 

Enzyme Preparations—Trypsin (a crystalline salt-free prepa- 
ration?) was dissolved to a concentration of 3 to 4 mg in 100 
ml of 0.0025 n hydrochloric acid. For testing antiproteolytic 
activity, suitable dilutions were made with 0.0025 n hydrochloric 
acid. 

Plasmin was prepared as reported previously (1). The pro- 
teolytic activity of this preparation was of an order similar to 
that of the human plasmin preparation of Fishman and Kline (3). 

Casein Substrate—A 1% casein solution in monobasic potas- 
sium phosphate-sodium chloride buffer, pH 7.4, was prepared as 
outlined in a previous publication (1) for the earlier test. For 
the Kunitz procedure a 1% casein solution in pH 7.6 phosphate 
buffer was employed. 

Antiproteolytic Test—Two modifications of the Kunitz assay 
(4) were used. Details of the first procedure have been described 
in an earlier paper (1). To correlate the results with other values 
reported in the literature, the original procedure of Kunitz with 
only one modification was substituted for the earlier method. 
Inhibitor fractions were dissolved in 0.1 mM phosphate buffer pH 
7.0 before addition to the enzyme solutions. Units of activity 
are reported as [T. U.]**ei2 10-3 or [P. U.]&s#ein 10-3 cal- 
culated from standard trypsin and plasmin calibration curves 
which were obtained as described by Kunitz (4). 

Elemental Analysis—Ash, moisture, and micro-Kjeldahl (5) 
nitrogen analyses were performed on Inhibitor Fraction IIIA; 
Inhibitor Fraction IVA was analyzed? for nitrogen (Dumas) and 
sulfur. 

Moisture was determined by heating the preparation at 105° 
for 18 hours, cooling for 30 minutes in a desiccator, and weighing 
three times at 1-minute intervals. The values were plotted and 
the zero-time weight obtained by extrapolation. For the deter- 


2 Obtained from Worthington Biochemical Corporation, Free- 


hold, New Jersey. 
3 Analyses were performed by Schwarzkopf Microanalytical 


Laboratory, Woodside, New York. 


\ 

t 

a 

a 

a 

3 

al 

p 

; 

ll 

tr 

56 
| 


January 1960 
TABLE I 
Antiproteolytic activity of various inhibitor fractions 
Specific activity* 
Inhibitor Method of preparation 
fraction Anti- 
Antitrypsin plasmin 
II Chemical purification 310 189 
III Paper curtain electrophoresis, 760 
1 run 
IIIA Paper curtain electrophoresis, 760-790 
reapplication (500-550) 
IV DEAE-cellulose chromatog- 650 
raphy, 1 run 
IVA DEAE-cellulose chromatog- 810 387 
raphy, reapplication 


* IXxpressed in Kunitz units: [T.U.]©4§ or [P.U.]©48 & 107%. 
+t Activity after several months storage: starting material for 
Fraction IV. 


mination of ash content, the dried samples were heated at 600° 
for 5 hours and weighed as described above. 

Absorption Spectrophotometry—The absorption spectrum of 
solutions containing 1 mg per ml by weight (biuret protein value,‘ 
0.77 mg per ml) was determined in a Beckman DU spectro- 
photometer. 

Boundary Electrophoresis—Solutions of Inhibitor Fraction IIIA 
were dialyzed at 4° against Michaelis buffer (pH 8.6, u =-0.1) 
to a final concentration of 0.5%. Analyses were performed at 
1° in a Spinco model H electrophoresis diffusion apparatus. 


Ultracentrifugation—The sedimentation constant of the inhibi- : S 


tor was determined with a Spinco model E ultracentrifuge. Runs 
were made (25°) at 59,780 r.p.m. (average centrifugal field of 
260,000 X g) with Inhibitor Fraction IIIA at concentrations of 
1.71, 1.02, and 0.51% in phosphate buffer (pH 7.6, uw = 0.1). 
Fraction IVA was analyzed at concentrations of 1.66 and 1.03%. 

Diffusion Measurement—The diffusion constant of Fraction 
IIIA was obtained by the height-area method (7) at a concentra- 
tion of about 0.3% in a Spinco model H electrophoresis diffusion 
apparatus. 


RESULTS 


Antiproteolytic Activity—The sequential preparative procedures 
and antiproteolytic potencies expressed in casein units of Kunitz 
are summarized in Table I. The antiproteolytic activity of 
Fraction IITA against trypsin and plasmin is illustrated in Figs. 
3 and 4, respectively. The inhibitor concentrations in Fig. 3 are 
plotted as micrograms of inhibitor and micrograms of protein 
nitrogen. This latter value was obtained by micro-Kjeldahl 
analysis which indicated a nitrogen content of 12.5% . <A straight 
proportionality between the amount of inhibitor and the amount 
of trypsin inhibited was found; 100 ug of the inhibitor preparation 
inactivated 19 wg of trypsin giving an approximate ratio of 5:1. 
With the Kunitz method of assay on Fraction IVA it was noted 
that decreasing concentrations of inhibitor at a constant trypsin 
concentration yielded a linear increase in potency (Fig. 5). Ex- 
trapolation to infinite dilution indicated fan activity of 865 
[T. U.]essein x 10-3 units per mg of inhibitor protein or an in- 


‘Biuret values (6) were calculated from standard curves ob- 
tained with Protein Standard Solution, The Armour’ Lab- 
oratories, Chicago, Illinois. 
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Fic. 1. Column chromatography of Inhibitor Fraction III on 
DEAE-cellulose. 
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Fig. 2. Column chromatography of Inhibitor Fraction IV on 
DEAE-cellulose. 


hibition of 24 ug of trypsin by 100 ug of inhibitor which would 
reduce the ratio of inhibitor to trypsin to 4:1. 

A linear relationship was also noted in the plasmin inhibition 
analyses as indicated in Fig. 4. Since the purity of the plasmin 
preparation was not comparable to that of the trypsin employed, 
calculation of weight ratios could not be used in determining the 
stoichiometry of this reaction. Therefore, plasmin inhibition is 
expressed in units according to the earlier test procedure (1) 
rather than in absolute weight. 

Elemental Analysis—Residue on ashing of Fraction IIIA was 
found to be 1.72, 1.82%. Drying to constant weight indicated 
a moisture content of 4.5, 5.9°¢; micro-Kjeldahl determinations 
on desiccator-stored Fraction IILA yielded an average nitrogen 
value of 12.469%. Nitrogen analyses on Fraction IVA according 
to the Dumas procedure gave an average value of 12.72°%. <A 
sulfur determination yielded a value of 0.77 °. 

Absorption Spectrophotometry—The ultraviolet absorption 
spectrum of Fraction IVA in pH 7.6 sodium phosphate buffer 
(u = 0.1) showed a maximum absorption peak at 279 my with 
a minimum demonstrable at 253 muy. 

Electrophoretic Analysis—Patterns obtained by boundary elec- 
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Fic. 3. Inhibition of trypsin by Inhibitor Fraction IIIA 
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Fic. 4. Inhibition of plasmin by Inhibitor Fraction IIIA 
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Fic. 5. Effect of dilution on the specific activity of Inhibitor 
Fraction IVA. 
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trophoresis of Fraption IIIA showed a single peak at the concen- 
tration employed. Calculation of the mobilities yielded a value 
of 5.61 X 10-* cm? sec.—! volt-! for the descending peak and 5.70 
10-5 cm? sec.~! volt— for the ascending peak. 

Ultracentrifugal Analysis—A single peak was observed for 
both preparations (Fractions IITA and IVA). A linear relation- 
ship was obtained when the sedimentation constant was plotted 
against varying concentrations of inhibitor. Extrapolation to 
infinite dilution yielded a value of 82, = 3.48 Svedberg units. 

Diffusion Constant—The Dz,, obtained from height and area 
of the Schlieren patterns was 4.35 10-7 cm? sec.~. 

Calculation of Molecular Weight—Utilizing diffusion and sedi- 
mentation constants for the calculation of the molecular weight, 
a value of 72,000 was found for the inhibitor preparation. 


DISCUSSION 


It appears from electrophoretic and ultracentrifugal analyses 
of Inhibitor Fraction IIIA that a homogeneous inhibitor prepa- 
ration had been obtained. However, after prolonged storage, 
several inert components could be removed by column chroma- 
tography on DEAE-cellulose. Table I summarizes the various 
purification procedures employed and the resultant activities. 
It appears from the physicochemical analyses that removal of 
the inert material gave a preparation with physical characteristics 
similar to those of Fraction IIIA. 

In an earlier publication (1) a constant antitrypsin to anti- 
plasmin ratio was reported for the partially purified inhibitor 
preparations. Additional purification of the inhibitor did not 
appreciably change this ratio. Whereas these findings seem to 
substantiate the assumption that the antiproteolytic activity of 
bovine blood against trypsin and human plasmin probably is due 
to a single inhibitor factor, this problem has to be further investi- 
gated. 

Peanasky and Laskowski (8) have reported on a bovine in- 
hibitor preparation with a potency of 500 [A.T.U.]°##ei2 107 
per E;,,. Calculation of the activity for Fraction IVA expressed 
in similar units gave a value of 650 [A.T.U.]°s*ei2 x 10-3 per 
E’.,- It would appear that the. potency of the preparation of 
Peanasky and Laskowski was of a similar order of magnitude as 
that found in the present study. The electrophoretic mobility 
of the inhibitor is that of a B-globulin. The 6-globulin nature 
of the inhibitor was similarly deduced from the migration pattern 
obtained by paper curtain electrophoresis when compared with 
patterns obtained under similar conditions with bovine serum. 

As stated above, a given quantity of trypsin requires approxi- 
mately four times this amount of inhibitor for complete inhibi- 
tion. On the basis of a molecular weight of 18,000 for trypsin 
(9) and of 72,000 for the inhibitor, the molar ratio of inhibitor to 
trypsin is approximately 1:1. This stoichiometric relationship 
would indicate that 1 mole of inhibitor is capable of inhibiting 1 
mole of trypsin. This agrees with the unimolar inhibition ratio 
reported for the crystalline soybean inhibitor as well as for the 
crystalline pancreatic inhibitor (10). 


SUMMARY 


1. A purified antiplasmin-antitrypsin preparation was obtained 
from bovine blood which was homogeneous both electrophoreti- 
cally and by ultracentrifugation. Prolonged storage produced 
a loss in activity. 

2. Chromatography of this material on a diethylaminoethyl 
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cellulose column revealed the presence of several inert com- 
ponents. Purification by this method yielded an inhibitor prep- 
aration which was found to contain approximately 850 antitryp- 
sin and 450 antiplasmin units per milligram of protein. 

3. Physical characterization of the inhibitor by boundary 
electrophoresis (wu = 5.61 xX 10-5 cm? sec.-' volt-', Michaelis 
buffer pH 8.6), ultracentrifugation (s2,.. = 3.48 S) and diffusion 
measurements (Da,. = 4.35 10-7 cm? sec.~') gave a molecular 
weight of 72,000. 


4. On the basis of this molecular weight, 1 molecule of trypsin ; 


is inhibited by approximately 1 molecule of inhibitor. 
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In the course of an investigation of the possible role of metal 
ions in the activity of carboxypeptidase B! it was observed that 
preincubation of this enzyme in the presence of certain metal 
salts strongly enhanced its peptidase activity. In view of the 
suggested similarity in mechanism of action of the pancreatic 
carboxypeptidases (1, 3, 4), the reported instability of partially 
purified carboxypeptidase B (1), and the background of evidence 
on the purity, stability, and specificity of carboxypeptidase A 
(5, 6), it was decided to employ the latter enzyme in preliminary 
metal activation studies. 

Details are presented here for the simple preincubation pro- 
cedures employed to effect as much as 100% increase in peptidase 
activity of carboxypeptidase A by the action of cobaltous ions. 
Studies of the effects of pH, metal ion concentration, and incuba- 
tion time on this activation phenomenon, as well as specificity 
and stability of the activated enzyme are reported. 

A sensitive and convenient spectrophotometric assay procedure 
for carboxypeptidase A, similar to that previously outlined for 
acylase I (7) is described. 


EXPERIMENTAL 


Materials—The two samples of carboxypeptidase A (Worthing- 
ton Biochemical Corporation, three times crystallized) employed 
in these studies were further recrystallized once by the gradient 
dialysis technique and two additional times by the isoelectric 
precipitation method (8). 

CBZglycyl-t-phenylalanine? (Mann Research Laboratories, 
Lot No. A-5260), employed as a substrate in most of the studies, 
was found to be completely hydrolyzable to CBZglycine and L- 
phenylalanine by carboxypeptidase A under suitable conditions. 

The solutions of cobaltous salts were prepared from cobaltous 
acetate -4 or cobaltous chloride-6 H.O, both J. T. Baker 
Chemical Company c.p. salts. All other salts used were of the 
c.p. grade. 

Methods—Peptidase measurements were carried out at 25° in 
a 0.025 m Tris buffer, pH 7.65, containing 0.1 mM NaCl. Stock 
solutions of carboxypeptidase A in 10% LiCl were prepared fresh 
daily from well washed enzyme crystals. Enzyme concentra- 
tions were calculated from absorption at 278 my, assumiug a 
molar extinction coefficientof 8.6 « 1043 Solutions of 0.01 m 
CBZglycyl-1-phenylalanine were employed for assay by the spec- 


* For carboxypeptidase nomenclature see (1). 

1 That carboxypeptidase B is a metallo-enzyme is strongly 
suggested by unpublished data employing metal-chelating agents 
in experiments similar to certain of those performed with car- 
boxypeptidase A (2). 

2? The abbreviation used is: CBZ for carbobenzoxy-, 

’ Unpublished determinations by Dr. G. 8. Albrecht (2). 


trophotometric method unless otherwise stated. Samples of 3 
ml of substrate were placed in 1-cm quartz cells in the Beckman 
model DU spectrophotometer and density set at 232 or 233 my 
(shit width at 0.2, photomultiplier at sensitivity position 4) 
against a blank of a mixture of 0.01 m each of CBZglycine and 
L-phenylalanine in the same buffered salt solution used in assays, 
Enzyme solution was introduced in a volume of from 1 to 10 
microliters and readings were taken every minute for a desired 
length of time. In Fig. 1 are shown curves obtained by plotting 
concentration of substrate versus optical density difference be- 
tween substrate and the products of hydrolysis at several wave 
lengths. In cases where peptide substrates other than CBZgly- 
cyl-t-phenylalanine were employed, the colorimetric ninhydrin 
procedure (9) was used to measure the extent of hydrolysis. 

Esterase measurements for carboxypeptidase A were carried 
out with 0.01 m hippuryl-L-phenyllactic acid (10) as substrate 
in 0.005 m Tris at pH 7.65 containing 0.1 m NaCl. Measure- 
ments were made with the use of a Radiometer type TTT1 
Titrator (Radiometer, Copenhagen, Denmark) coupled to an 
Ole Dich No. 38 recorder (Ole Dich, Instrument Maker, Brondby 
Strand, Denmark). Under these conditions of assay the initial 
rate of hydrolysis of ester substrate by carboxypeptidase A ap- 
proximated that of CBZglycyl-t-phenylalanine, although the or- 
ders of hydrolysis are different (10, 11). 


RESULTS 


The effect of the pH of the preincubation mixture on the in- 
crease in peptidase activity of carboxypeptidase A, at a 0.01 m 
cobalt ion concentration, is shown in Fig. 2. The optimum pH 
for activation at this metal ion concentration appears to be be- 
tween 7.75 and 8.0 with a rapid decline in activation above pH 
8.0 where insoluble metal hydroxide quickly precipitates. A 
more gradual decline in activation occurs at pH’s below the 
optimum. 

From the data plotted in Fig. 3 it is apparent that at a fixed 
enzyme concentration, the rate as well as the extent of activation 
of this enzyme by Cot* ions is related to concentration of this 
metal in the incubation mixtures. Data obtained with higher 
concentrations of enzyme indicate that at a fixed metal concen- 
tration the rate and percentage of activation are lower at these 
higher enzyme concentrations. Information available on the 


basis of limited studies show that the rate of activation of the 
enzyme by Co*+ ion was facilitated by higher temperatures and 
retarded by lower temperatures applied during the preincubation 
period. At 0°, 100% increase in activity with 0.01 m Co** ion 
and 2 X 10-? mg of protein N per ml was apparent only after 6 
hours of incubation, whereas at 37° under identical conditions, 
practically instantaneous activation occurred. 
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Fig. 1. Optical density differences between CBZglycyl-L-phen- 
ylalanine and mixtures of CBZglycine and L-phenylalanine at 
various wave lengths at 25° in 0.025 m Tris buffer of pH 7.65 con- 
taining 0.1 mM NaCl. The points represent various molarities of 
CBZglycyl-L-phenylalanine plus equimolar mixtures of CBZgly- 
cine and L-phenylalanine to total a 0.01 m ‘‘substrate plus prod- 
uct’’ concentration compared with an equimolar mixture of CBZ- 
glycine and L-phenylalanine each of 0.01 m concentration. 


The data plotted in Fig. 4A show that hydrolysis of CBZglycyl- 
i-phenylalanine by carboxypeptidase A as well as by the cobalt- 
activated enzyme, follows first order kinetics over a period of 2 
hours under the stated conditions of assay. 

The curve in Fig. 4B,.constructed from the data of Fig. 44, 
shows that upon dilution of the cobalt-activated enzyme solu- 
tions, with a buffered salt solution identical to that employed in 
the hydrolysis assays, the increased activity due to metal ion is 
rapidly lost. 

From these data it would appear that a cobalt-enzyme complex 
is formed at rates and quantities dependent upon cobalt ion con- 
centration and that this complex, at extremely low metal ion con- 
centrations, is stable in the presence of substrate but rapidly dis- 
sociated in the absence of substrate. 

It may be noted from the data in Table I that, of the metal ions 
tested under the stated conditions of preincubation, only Co*+ 
ion showed an activating effect on the peptidase activity of car- 
boxypeptidase A. The significant inhibition of this enzyme by 
Fe++ ion has been previously reported (5). 

The rates of hydrolysis of several other peptide substrates for 
carboxypeptidase A, including CBZglycyl-t-leucine, CBZ-a-L- 
glutamyl-L-phenylalanine, and CBZglycyl-L-tryptophan were 
measured by the colorimetric ninhydrin procedure with both un- 
treated and Cott-treated enzyme, at a 0.025 Mm _ substrate 
concentration. In each case the relative increase in rate of hy- 
drolysis by the cobalt-treated enzyme over the untreated enzyme 
was equivalent to that observed with CBZglycyl-t-phenylalanine. 
An increase of 100% in rate of hydrolysis of each substrate was 
observed after preincubation of enzyme (4 X 10-? mg of enzyme 
N per ml) with 0.01 m Cot+ at pH 8.0 for 15 minutes. 

The effect of preincubation of carboxypeptidase A with Co*+ 
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Fic. 2. Effect of preincubation pH on the cobalt ion-induced 
increase in peptidase activity of carboxypeptidase A. Incuba- 
tion conditions: 2 X 10~? mg of protein N per ml, 0.1 m Tris buffer, 
0.5 M NaCl, 0.01 m Co** ion, 15 minutes at 25°. 


200 


175 


125 


% ACTIVITY OF UNTREATED ENZYME 


i00$ 
O 20 40 60 


PREINCUBATION TIME(MINUTES) 


Fig. 3. Influence of cobaltous ion concentration on rate and 
percentage of activation of carboxypeptidase A. Preincubation 
conditions 3.97 X 10°? mg of protein N per ml, 0.1 M Tris buffer, 
pH 8.0, 0.5 m NaCl, 25°. 


ion on the hydrolysis of one of its ester substrates, hippury]-1- 
phenyllactic acid, was examined. Under conditions where pep- 
tidase activity was significantly enhanced, there was no apparent 
increase in esterase activity. In these experiments the condi- 
tions, as to temperature, approximate ionic strength, pH, enzyme 
concentration, and approximate initial rates of hydrolysis were 
duplicated in esterase and peptidase assays. 

No activity toward the glycylglycine dipeptidase substrate, 
glyeylglycine, the carboxypeptidase B substrate, hippuryl-L-ar- 
ginine or the leucine aminopeptidase substrate, L-leucinamide, 
was observed with the cobalt-treated enzyme. 

Dialysis experiments indicate that, under the conditions em- 
ployed for Co+* ion activation of carboxypeptidase A, cobalt 
does not displace zine, which has been shown to be both a struc- 
tural and functional component of this enzyme and to participate 
in the mechanism of its catalytic action (2). When a solution 
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Fic. 4. Action of cobalt-activated carboxypeptidase A on 
CBZglycyl-t-phenylalanine after dilution of enzyme-cobalt solu- 
tions. A. Points from which the curves on the semilogarithmic 
plot were constructed, were taken every minute and closely ad- 
hered to these curves. The concentration of enzyme N in assay 
tubes was 3.52 X 10-5 mg per ml. Diluted enzyme-cobalt solu- 
tions contained 1.06 X 10-3 mg of enzyme N per ml and were 2.5 X 
10-5 m in Co* ion after preincubation for 3 hours at 25° at a 0.025 
m Co** ion concentration. Numbers in parentheses indicate time 
in minutes that assays were performed after dilution of enzyme- 
cobalt solutions with 0.025 m Tris buffer of pH 7.65 containing 
0.1m NaCl. Curve at 115 minutes was identical with that of un- 
activated enzyme. B. Curve constructed from data of Fig. 4A. 


of carboxypeptidase A was dialyzed against several changes of 
large volumes of 0.01 m Co** in 0.1 m Tris buffer, pH 7.75, con- 
taining M NaCl for 24 hours, at 0° the peptidase activity of the 
enzyme was found to be increased 1-fold over a control enzyme 
sample dialyzed without Co++. However, upon dialysis of this 
- solution of cobalt-activated enzyme against several changes of 
large volumes of mM NaCl for 24 to 48 hours at 0°, the peptidase 
activity returned to that of the control enzyme sample. Analy- 
ses of the samples for zinc by a chemical procedure (12) showed 
that test and control enzymes each contained 1 atom of zinc per 
molecule of enzyme protein. Addition of cobalt, to each sample, 
at a level of 20 times the weight of zinc showed no interference in 
this chemical method for zinc. 


Cobalt Activation of Carboxypeptidase 
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TABLE I 
Effect of preincubation of carboxypeptidase A with various metal 
tons on hydrolysis of carbobenzoxryglycyl-L-phenylalanine 

Values expressed as percentage of activity of enzyme preincu- 
bated in the absence of added metal ion. 

Preincubation conditions: 0.1 m Tris at pH 7.75, 0.5 m NaCl, 
3.97 X 10-2 mg of protein N per ml, 20 minutes for 0.01 m metal 
ion concentration and 40 minutes for 0.0025 m metal ion concen- 
tration. 


Metal ion Concentration of metal ion 
0.01 
202 191 
Zn** 75 97 
Ni** 85 98 
Fett 42 69 
Mn*t 88 90 
Crt++ 80 88 
Mgtt 100 98 
Catt 97 100 
DISCUSSION 


The early suggestion that carboxypeptidase A is a metallo- 
enzyme (13) has been supported and extended by evidence that 
zinc is a structural and functional component of this protein (2). 
Furthermore, it has been shown that the zinc may be removed 
from carboxypeptidase A with concomitant loss of activity which 
may be completely restored by the addition of zinc back to the 
level of 1 g atom per mole of enzyme protein (14). Substitution, 
in the metal-free enzyme protein, of metal ions of the first transi- 
tional period resulted in “a significant restoration of (enzymatic) 
activity” (14). 

The present observations demonstrate that, without displace- 
ment of the zinc of carboxypeptidase A, the enzymatic activity 
of this enzyme toward peptide substrates may be increased as 
much as 100% through simple preincubation of the enzyme in 
the presence of cobaltous ion. Since removal of cobalt ions, 
either by dilution or dialysis, results in reversal of activating 
influence it would appear that this metal, if it forms a metal- 
enzyme protein complex, is bound in a manner quite different 
and much less strongly than is zine. 

Under the present experimental conditions, it is very possible 
that activation by other metal ions, as well as further activation 
by Cot+t+ ion, may be masked by a degree of inhibition of enzy- 
matic activity exerted by excess of these metal ions. It is sig- 
nificant in this regard, that preincubation with ferrous ion en- 
hances the peptidase activity of carboxypeptidase B.4 

Treatment of carboxypeptidase A with Cot+ ions does not 
result in a change in specificity of the enzyme toward peptide 
substrates. This is borne out by the observed equivalent in- 
crease in activity toward different peptide substrates and by the 
failure of the activated enzyme to hydrolyze peptides which do 
not conform to the specificity requirements of the parent enzyme. 

It has been postulated that the formation of a coordinate bond 
with metal ion at substrate amide nitrogen is involved in the 
mechanism of hydrolysis of certain amide substrates by metallo- 
enzymes (6). The fact that an increased rate of hydrolysis of 
hippurylphenyllactic acid was not observed with‘ the cobalt- 
treated carboxypeptidase A may be related to the inability of 


4 J. E. Folk, and J. A. Gladner, unpublished experiments. 
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this substrate to form a coordinate bond with metal ion at its free enzyme protein by ions of the first transitional period (14), 
has been observed. 


ester oxygen. 


SUMMARY 


As much as 100% increase in the peptidase activity of carboxy- 
peptidase A has been effected by incubation of solutions of this 
enzyme in the presence of cobaltous ion. No apparent increase 
in esterase activity accompanies the increased peptidase activity. 
Preliminary studies of this reaction indicate that the extent of 
activation of the enzyme is dependent upon pH, metal ion con- 
centration, enzyme concentration, and temperature and time of 
incubation. The increased activity is rapidly lost in the absence 
of substrate after dilution or removal of Co++ ion by dialysis. 
The pris nag of the enzyme toward several peptide substrates 
is unchat ged by cobalt-activation. Of the metal ions tested 
under the present incubation conditions, only cobaltous ion 
showed this enzyme-activating effect. A sensitive and con- 
venient spectrophotometric assay procedure for carboxypeptidase 
A is outlined and was employed in certain of these studies. 


Acknowledgment—The technical assistance of Miss Lee Ann 
Evancheck and Miss Emilie N. Smith is gratefully acknowledged. 
Addendum—During the course of the preparation of this 
manuscript, it was brought to our attention by Dr. B. L. Vallee 
that metal ion activation of carboxypeptidase A, over and above 
the reported “significant restoration of activity” of the metal- 
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Carboxypeptidase isolated from bovine pancreas glands con- 
tains 1 gram atom of zine per molecular weight 34,300 (3, 4). 
The enzyme conforms to the operational criteria of a metallo- 
enzyme (5) and has been given the empirical formula [((CPD) Zn], 
where (CPD) represents the apoenzyme and the square brackets 
indicate the firm binding of the zinc. The specificity of the asso- 
ciation between zinc and protein in native carboxypeptidase has 
been demonstrated by the isolation and crystallization of a 
biosynthetically labeled, radioactive carboxypeptidase,! [(CPD) - 
Zn®*|, obtained from bovine and canine pancreatic secretions 
collected from the live animals through fistulas. 

The essential role of zinc in the action of this exopeptidase has 
been demonstrated by a reversible loss of activity which was 
exactly proportional to the amount of zinc removed by dialysis 
(1). Moreover, several ions of the first transition series were 
found to substitute for zinc in binding to the apoenzyme, resulting 
in readily demonstrable activity, characteristic of the specific 
metal. This reversible binding by zine and other transition 
metals provides a suitable model system for the exploration of 
the significant differences in the physicochemical and biological 
properties of metalloenzymes and metal-enzyme complexes wherein 
the metal is more loosely associated with the apoenzyme (5). 


EXPERIMENTAL 


Materials and Methods 


Beef Pancreas |((CPD)Zn|—This eight times recrystallized prep- 
aration was isolated from an acetone powder of beef pancreas 
glands? by the method of Allan et al.* A solution of the final 
crystals was homogeneous by electrophoretic analysis when 
examined in 0.3 ionic strength LiCl buffers of pH 6.6 to 10.5, 
and upon ultracentrifugal analysis in 1.0 m NaCl, 0.1 m Tris 
buffer, pH 7.0. The zinc to protein ratio was 1855 wg per g 
(= 0.97 g atom Zn per mole enzyme) when analyzed spectro- 
graphically and chemically (3), and all other metals were present 
in insignificant amounts. 

Standard metal solutions were prepared from weighed amounts 
of spectrographically pure salts of Zn, Co, Mn, Ni, Cr, Cd, Hg, 


* A preliminary account of this work has been published (1). 
The term ‘‘carboxypeptidase,’’ as used herein, refers to carboxy- 
peptidase A, the enzyme originally described by Anson (2). 

t Predoctoral Fellow, National Science Foundation. Present 
address, Cornell University, Department of Chemistry, Ithaca, 
New York. 

1 J. A. Rupley and H. Neurath, in preparation. 

2 Kindly supplied by the Lilly Research Laboratories, Eli Lilly 
and Company, Indianapolis, Indiana. 

7B. J. Allan, P. J. Keller, and H. Neurath, in preparation. 
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Ca, and Mg (Johnson Matthey Company, Ltd.) dissolved in 
dilute, metal-free hydrochloric acid. In addition, a weighed 
amount of reagent grade ferrous ammonium sulfate, Fe++SQ,. 
(NH,4)2SO,-H:0 was dissolved in metal-free water just before 
use. 

1 ,10-Phenanthroline was the crystalline dihydrochloride (G. F. 
Smith Company) and was used without further purification, 
OP* concentrations were determined either by the absorbance 
at 265 mu (E255 np = 31.5) or by the absorbance of the fer- 
rous complex (FeOP3)** (6). 

Buffers were prepared from reagent grade chemicals, adjusted 
to neutral pH and then extracted with dithizone in carbon tetra- 
chloride to remove contaminating metal ions. Excess dithizone 
was removed by extractions with c.p. carbon tetrachloride. The 
extracted solutions were finally adjusted to the required pH 
with either metal-free acid or base. 

Dialysis tubing was Visking-Nojax casing which had _ been 
freed from metals according to the method of Klotz and Hughes 
(7). 

In all operations, care was taken to avoid metal contamination. 
Glassware and containers were cleaned and metal-free water 
was prepared as previously described (8). Whenever possible, 
solutions were stored in polyethylene ware. 

Dithizone (diphenylthiocarbazide) (9), metal-free hydrochloric 
acid, and metal-free ammonia were prepared as previously de- 
scribed (3, 8). 

Enzymatic activities for trypsin (10), chymotrypsin (10), and 
carboxypeptidase (11) were determined by the esterase method 
and also by the peptidase method for carboxypeptidase, with 
carbobenzoxyglycyl-L-phenylalanine in metal-free solvents as 
substrate. Determinations of peptidase activity were performed 
at 0°. 

Protein concentrations were determined either by 10% trichloro- 
acetic acid precipitations followed by drying at 104° (12) or 
from the absorbance at 278 my, with Even = 19.4 as deter- 
mined in this laboratory. This latter value is considerably 
lower than that previously reported (13). 

Zinc was determined either spectrographically or chemically 
as previously described (3, 14). 

Cadmium was determined by the dithizone extraction method 
(15). 

RESULTS 

Removal of Zinc by Dialysis at Low pH—Beef pancreas [(CPD)- 

Zn] was dialyzed against sodium citrate-sodium chloride buffers 


4 The abbreviations used are: OP, 1,10-phenanthroline; CGP, 
carbobenzoxyglycyl-L-phenylalanine. 
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at pH values ranging from 3.4 to 7.0. The zine content inside 
and outside the dialysis membrane and the peptidase activity 
were determined at measured time intervals. These measure- 
ments, expressed as a percentage of the original zine and activity, 
are plotted in Fig. 1 as a function of the time of dialysis. Fig. 2 
demonstrated zinc content and activity after 48 hours of dialysis, 
after which time further changes in distribution were slow. 

Above pH 5.5, neither zine nor activity was lost. Below pH 
5.5, however, zine and activity disappeared at rates which in- 
creased as the pH decreased (Fig. 1). Below pH 4.5 the zinc- 
free protein progressively precipitated. After 62 hours at pH 
3.5, approximately 20% of the protein was irreversibly precipi- 
tated and 80% of the activity was lost. The close correlation 
between the diminution of the zine content and the activity of 
the enzyme is evidenced by the close fit of the experimental 
points in Fig. 2 and by a correlation coefficient of 0.90 calculated 
for a linear relation between the two parameters.® Since zinc 
was measured on both the inside and outside of the dialysis bag, 
the time dependence of the approach to equilibrium could be 
unambiguously determined. For example, as may be seen from 
Fig. 1, a decrease in pH markedly increases the rate of removal 
of the zine and the rate of loss of the enzymatic activity. The 
half-times for the changes at pH 4.5 and 3.4 are, respectively, 12 
and 3 hours. 

Removal of Zinc by Dialysis against OP—The loss of zine in 
the presence and absence of OP was similarly determined at pH 
7.0 and 4.2. Since OP is an inhibitor of the enzyme, changes in 
activity could not be correlated with the removal of zinc. All 
samples for zinc analysis were ashed to obviate interference by 
OP with the subsequent microchemical determinations with 
dithizone. 

The rate of removal of zine by dialysis against pH 7.0 buffer 
in the presence of OP is shown in Fig. 3. Dialysis against the 
same buffer in the absence of OP resulted in insignificant removal 
of the metal from the protein. After removal of the chelating 
agent from the protein solution by dialysis against four changes 
of buffer at pH 7.0, the enzymatic activity was 6% and the zinc 
content 5% of the values for the native enzyme. The rates 
of removal of zine from the protein solution and from an inor- 
ganic zine control, both in the presence of OP, did not differ 
sufficiently (half-times of 4 and 2 hours, respectively) to show a 
time dependence characteristic of the reaction of the enzyme 
with OP. 

The time course of the removal of the metal was similarly 
determined at pH 4.9 and pH 4.1, except that biosynthetically 
labeled! [((CPD)Zn®] and NaCl-Na citrate buffers were used, and 
the radioactivity of the buffer solutions was determined. Within 
the limits of experimental error, the rates of removal at pH 4.9 
and 4.1 were the same as at pH 7, and after 22 hours of dialysis, 
11 and 4% of the radioactivity remained bound to the protein 
at pH 4.9 and 4.1, respectively. The removal of zinc at pH 4.2 
in the presence of OP was also determined by chemical analysis. 
After removal of the chelating agent, the zinc content was 5%, 
and the enzymatic activity 7% of the values for the native en- 
zyme. 

Reconstitution with Zn++—The zinc of native carboxypeptidase 
was removed by dialysis for 28 hours at 0° against pH 4.2 buffer, 
to yield solutions of zinc-free carboxypeptidase. The pH was 

‘Calculated from 25 enzymatic assays and 25 zine determina- 


tions at zinc concentrations ranging from 50 to 1900 ug of zinc 
per g of protein. 
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Fic. 1. The rates of loss of zine and peptidase activity by di- 
alysis at low pH. O——O, percentage of zine inside dialysis 
bag; O——O, percentage of zinc in buffer outside dialysis bag; 
x——X, percentage of peptidase activity inside dialysis bag. 
A solution of carboxypeptidase in 0.1 m Tris-1 m NaCl buffer of 
pH 7.0 was diluted 6-fold with 0.1 m Na citrate-1 m NaCl buffers 
of various pH values. Of this solution, 6.0 ml, containing 2 to 4 
mg of protein per ml, were dialyzed at 0° with mechanical agita- 
tion in open dialysis bags against 100 ml of the same citrate buffer. 
The protein and buffer solutions were sampled at measured time 
intervals and analyzed for zine content and peptidase activity. 
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Fic. 2. Loss of zine and peptidase activity from carboxypep- 
tidase as a function of pH. O——O, zine content; O0-——-O, 


peptidase activity. The values obtained after 48-hour dialysis 
under the conditions described in Fig. 1 are plotted as a function 
of the pH. 


then readjusted to 5.5 by dialysis against a buffer of that pH, 
in order to minimize denaturation. In other experiments, zinc- 
free carboxypeptidase was obtained by dialysis against buffers 
of pH 4.2 and 7.0 containing OP. The chelating agent was 
subsequently removed by dialysis of the protein solutions against 
repeated changes of buffers of pH 5.5 and 7.0, respectively. 
Carboxypeptidase was reconstituted by dialysis of the zinc- 
free protein solutions for 24 hours at 0° against buffers of pH 
5.5 and 7.0, each containing 1 xX 10-‘m Znt*+. At this point, 
determinations of zine content and enzymatic activity were 
carried out. Loosely bound zine was then removed by dialysis 
of the reconstituted protein solutions for 24 days at 0° against 
four changes of metal-free buffers of the same pH (5.5 and 7.0 
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respectively). At this point, determinations of zinc content and zymatic activity. In contrast, restoration of the zinc by dialysis 
enzymatic activity were again carried out. The results are at pH 5.5 resulted in the binding of an approximately equiva- 
shown in Fig. 4. lent amount of zinc, the enzyme now being fully active. How- 

Dialysis at pH 4.2 in the absence of OP resulted in partial ever, part of this zinc may be removed by subsequent dialysis ; 
loss of zinc content and of enzymatic activity. |Readdition of against pH 5.5 buffer, resulting in a corresponding loss in activity, | 
Zn*+* at pH 7.0 resulted in the binding of more than one equiva- When dialysis of native carboxypeptidase was carried out at l 
lent of zinc and in full restoration of enzymatic activity. Re- pH 4.2 in the presence of OP, nearly complete loss of zinc and 
moval of loosely bound zinc at the same pH reduced the zinc enzymatic activity occurred. Subsequent restoration of zine 
content to stoichiometric equivalence without change in en- and removal of loosely bound metal at both pH 5.5 and 7.0 j 

| resulted in the same behavior as was observed in the preceding ; 

100% z When all operations were carried out at pH 7.0, z.e. removal of 

tS zinc in the presence of OP, restoration of zinc, and removal of d 
$ loosely bound metal, practically all of the zinc could be removed 
5s and the restoration of zinc and of enzymatic activity followed 
g N » the same pattern as was observed at pH 7.0 for the metal-free 
Ni 50h : protein obtained at pH 4.2. It should be noted that under these 

: conditions the zinc content and enzymatic activity reverted ' 

N exactly to the level characteristic of native carboxypeptidase. ane 

& Reconstitution with Other Metal Ions—Certain other metal ions 1x 

a were also effective in restoring enzymatic activity of metal-free free 

0 10 20 30 carboxypeptidase. In these experiments, a solution of the = 

; metal-free protein, prepared by dialysis against OP at pH 7.0, es 

Time of Dialysis in Hours : : ; tail 

ee ; was dialyzed in the cold for 24 hours against 1 m NaCl, 0.1 u ones 

Fic. 3. Removal of zine by dialysis against 1,10-phenanthro- : ig : ; q 
line. Six ml of 2 X 10-3 m OP, 1.0 m NaCl, 0.1 m Tris buffer of Tris buffer, pH 7.0, containing, respectively, the following metals of | 
pH 7.0, containing 6 mg of native carboxypeptidase per ml, were in 1 X 10-‘M concentration: Group II.A and B elements present 
dialyzed at 0° against 100 ml of the same OP buffer. After meas- as Mg++, Ca++, Cdt+, and Hg*t; and the first transition period nat 
ured times of dialysis, the solutions inside and outside of the elements present as Cr+++, Mn++, Fe++, Cott, Nit+, and Cutt. det 
dialysis bag were analyzed for zinc content. The zinc remaining 1, ry 5 the peptidase activities of the native enzyme are conm- ren 
in the protein solution, corrected for the concentration of free : 
zinc outside the dialysis bag, is shown as a function of the time Pared to that of the metal-free carboxypeptidase after restora- rep 
of dialysis. tion by Nit++, Co++, Fet+, Mn++, and Crt++, the activity of the and 

as t 
abl 
pro 
200 acti 
of 
® dial 
Is a 
: ca 

OS+ FF HG 450 met 

x Ga Za Za Y G G to t 
S en IZ achi 

2 3 
N N N He N ‘ 
N N N 

pH 7.0 pH 5.5 pH 7.0 pH 5.5 pH 7.0 P 
Fic. 4. Reconstitution of zinc-depleted carboxypeptidase with zinc. {§§, Gram atoms of zinc bound per mole of protein; G@, percent- 
age of peptidase activity. The zinc was removed from the protein by dialysis for 25 hours at 0° against the appropriate buffer. Res- ‘. a 
toration of the metal was accomplished by dialysis for 25 hours against 100 ml of a buffer containing 1 X 10-4 m Zn*+; the loosely bound pia 
metal was removed by dialysis for 24 days against four changes of buffer. 0.1 mM Na citrate-1.0 m NaCl buffer was employed at pH sare 
4.2 and 5.0, and 0.1 m Tris-1.0 m NaCl buffer at pH 7.0. In all experiments the protein concentration was 3 to 6 mg per ml and the the 
temperature was maintained at 0°. 
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Fic. 5. Reactivation of zinc-free carboxypeptidase (CPD) with 
metalions. The peptidase activity is shown after dialysis against 
1X 10-4 mM metal ion (C0), and after further dialysis against metal- 
free buffer (@). One ml of 0.1 m Tris-1 m NaCl buffer of pH 7.0, 
containing 3 to 6 mg of metal-free carboxypeptidase per ml, was 
dialyzed at 0° for 25 hours against 100 ml of the same buffer con- 
taining 1 X 10-4*mM metal ion. The loosely bound metal was sub- 
sequently removed by dialysis for 2} days against four changes 
of buffer. For further details see the text. 


native enzyme being the basis of comparison. Activities were 
determined before (open bars) and after (crosshatched bars) 
removal of excess metal by dialysis in the cold for 2} days against 
repeated changes of buffer. The results obtained with Cu+t+ 
and with Group II A and II B metal ions are not shown in Fig. 5, 
as these metals do not restore peptidase activity to any measur- 
able extent. It was of interest that dialysis of the metal-free 
protein against 1 x 10-4 m Cdt+* did not restore enzymatic 
activity, although 0.96 g atom of cadmium was bound per mole 
of protein, as determined by chemical analysis. Subsequent 
dialysis against buffer resulted in a decrease of this value to 0.79 
g atom per mole with no restoration of activity. 

If it is assumed that first order kinetics obtains in all cases, it 
is apparent from the data in Fig. 5 that the cobalt-enzyme has a 
considerably higher specific peptidase activity® than native 
carboxv peptidase, even after removal of loosely bound cobalt 
by dialysis. It is also worthy of note that reconstitution with 
the other metals shown in Fig. 5 leads to a lower specific activity 
than that of native carboxypeptidase, and that in the case of 
Ni** and Fe*++, in contrast to Co++, removal of loosely bound 
metal by dialysis results in a significant increase in specific ac- 
tivity. The lack of activity observed on the addition of a metal 
to the apocarboxy peptidase does, therefore, not necessarily indi- 
cate that the restoration of an active carboxypeptidase was not 
achieved. Activation can only be ascertained upon the removal 
of that fraction of the metal which is extrinsic and inhibiting. 
It should be noted, too, that a high excess of Zn++ (i.e. 10-3 m) 
also causes inhibition of native carboxypeptidase.! 


6 Comparison of the specific activities of native carboxypep- 
tidase with the cobalt enzyme may be somewhat arbitrary, since 
it has been observed that a decrease in the concentration of the 
cobalt enzyme reduced considerably the specific activity. Under 
the same conditions, the specific activity of the zinc enzyme was 
independent of concentration. More detailed kinetic analyses of 


the various metallo-carboxypeptidases will be published else- 
where, 
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DISCUSSION 


It has been previously shown by chemical analysis that car- 
boxypeptidase, as isolated from beef pancreas glands, is a zinc 
metalloenzyme containing 1 g atom of zinc per mole of protein. 
The recent isolation and crystallization of Zn®-labeled carboxy- 
peptidase from the pancreatic juice of a steer given Zn® intra- 
venously! demonstrates that zinc and carboxypeptidase are 
associated under physiological conditions and, therefore, that 
the native enzyme is a zinc protein.’ 

The zinc of carboxypeptidase, however, can be removed by 
dialysis against buffers of pH below 5.5 or, at neutral pH, by 
dialysis against buffers containing the chelating agent OP (16). 
In either event, the loss of enzymatic activity is proportional to 
the loss of metal. The rate and the limiting extent of removal of 
the metal increase as the pH is lowered; and within the limits of 
measurement, removal is complete at pH 3.4 (Fig. 2). 

The pH dependence of the removal of zinc from carboxypepti- 
dase is evidently indicative of the involvement of a bond sensitive 
to hydrogen ion concentration, but the data do not tell whether 
an ionizable group is coordinated with the metal atom or whether 
this group is operative in maintaining the configuration necessary 
for the formation of the protein-zinc complex. It should be 
emphasized that the character of the pH dependence of removal 
of zine (Fig. 2) bears no direct relationship to the pK values of 
the ligand groups coordinating to the zinc atom. The known 
dissociation constants of metal-amino acid complexes certainly 
do not suggest coincidence with the dissociation of the groups 
which bind here 50% zinc at pH 4.7; and experimental treatment 
and theoretical interpretations are complicated by the multiple 
equilibria relating the zinc, the protein, hydrogen ions, and buffer 
components. Such time dependence of release of the metal 


below pH 5.5 as has been observed here is not characteristic of 


simple organic chelating agents (17) and, therefore, provides a 
potential method of differentiation between the latter and such 
protein-metal bonds as occur in carboxypeptidase. 

The slow but measurable removal of zine from carboxypepti- 
dase below pH 5.5 is of interest in connection with the methods 
used in the preparation of the enzyme. Thus, the procedure of 
Anson (2) as modified by Neurath (18) involves exposure of the 
enzyme to pH 4.6 for several hours, and that of Allan et al.? 
exposure to pH 5.2 for 1 to 2 hours. It is apparent from the 
present study that only small quantities of zinc would be lib- 
erated from the enzyme under these conditions, and that they 
would be readily bound again as the pH is increased. 

In the limit, removal of zinc leads to the formation of metal-free 
carboxypeptidase which can be crystallized, has the same gross 
physical properties as native carboxypeptidase (19), but is en- 
zymatically inactive. When metal-free carboxypeptidase is 
exposed to 10-4 m Zn**, activity is restored to the original level, 
in direct proportion to the amount of zine bound by the enzyme, 
until one g atom per mole of protein is bound. Zn** in excess 
of this may be bound but without any accompanying increase in 
activity. Although dialysis against buffer readily removes 
loosely bound extraneous zinc, neither firmly bound zine nor 
enzymatic activity is affected by this procedure. Apparently, 
activity is the resultant of the interaction of one discrete binding 


7A radioactive carboxypeptidase has also been isolated chro- 
matographically from the pancreas of a dog given an intravenous 
injection with Zn*; thus the presence of zinc in carboxypeptidase 
is not limited to the bovine (J. A. Rupley and H. Neurath, in 
preparation). 
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site of the protein molecule with the metal atom and this binding 
site is not altered significantly during the short period of time 
that the metal-free enzyme existed as such in these studies. 

Although zinc is the only element which has been found to be 
uniquely present in carboxypeptidase,’ activity can be restored 
to the metal-free enzyme by certain ions of the first transition 
period, Cr+++, Nit+, Cot+, Fe*+, and Mn++. Solutions of 
the following ions were tested® and failed to restore activity: 
Mg, Ca, Ti, V, Fe(ferric), Cu, Y, Zr, Mo, Ru, Pd, Ag, Cd, La, 
Au, Hg, Nd, Th. The different metals restore the enzymatic 
activity toward CGP to varying degrees, and a more comprehen- 
sive kinetic analysis of the various metallo-carboxy peptidases is 
now in progress.'° The highest specific activity has thus far 
been observed with the cobalt enzyme, which upon analysis was 
found to contain 1 g atom of cobalt per mole of apoenzyme. 
Dialysis of the fully restored cobalt enzyme against 10-4 m Zntt+ 
resulted in rapid and complete replacement of cobalt by zinc (20). 
Conversely, dialysis of the native or reconstituted zinc enzyme 
against the same concentration of Cot++ slowly lowered the 
concentration of zinc to 0.5 to 0.6 g atom per mole with con- 
comitant replacement of zine by cobalt. The activity of the 
resultant mixture of cobalt and zinc carboxypeptidase was the 
sum of those due to the fractional g atoms of cobalt and zine 
per mole of protein (20). This activity is therefore higher than 
that exhibited by the original enzyme, in direct proportion to 
the fraction of cobalt present. The addition of Nit+ resulted 
in restoration of approximately 80% of the activity of the native 
enzyme, while the restoration by the remaining elements was 
substantially lower. The crystallization of all the active metal 
carboxypeptidases has been accomplished" and their differential 
inhibition by chelating agents is being studied as a basis for their 
chemical and kinetic differentiation.” 

Although it is not possible to identify the chemical details of the 
groups of carboxypeptidase to which the metal is bound, the 
circumstance that activity toward CGP results only from the 
interaction of the apoenzyme with zinc and certain transition 
elements suggests the participation of sulfur or nitrogenous 
ligand groups for which these elements show a marked preference 
(21). However, the manner in which catalytic activity could be 
brought about through these interactions is not clear. 

Carboxypeptidase as isolated from bovine pancreas fits the 


8 The precursor, procarboxypeptidase A, has been found to con- 
tain significant amounts of Zn, Fe, and Ni (B. L. Vallee, H. Neu- 
rath, and P. J. Keller, unpublished experiments). 

* Some of these experiments have been carried out by Dr. Jean- 
Pierre Felber at Harvard University. Reagent grade titanium 
salts were contaminated with zine and therefore activated the 
apoenzyme. After purification, no activation was observed. 

10 It should be pointed out that studies of the activity of the 
metal-free enzyme and of the restoration of the activity by other 
metal ions face technical difficulties due to the metal contamina- 
tion of the equipment. The precautions required for such work 
and developed in the Harvard Laboratory have been summarized 
and detailed (8). Chemical purity with respect to trace metals 
is indispensable. Special difficulties are encountered during the 
assay, since vanishingly small amounts of zinc, present in re- 
agents, substrate, and glassware, will be sufficient to supply the 
amount of metal required for full restoration of activity to the 
metal-free enzyme. For instance, no more than 3.5 K 1078 M 
zine would have to be present to restore the activity to 1.3 XK 10-6 
g of metal-free carboxypeptidase per ml, the amount of enzyme 
normally used for the assay. 

11 J. E. Coleman, B. J. Allan, and B. L. Vallee, in preparation. 

12 J.-P. Felber, T. L. Coombs, and B. L. Vallee, in preparation. 
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operational definition of a metalloenzyme in which one metal 
species bears a specific and somewhat unique relationship to the 
structure and function of the protein (5). The removal and 
restoration of zine and its replacement with metal ions of the 
first transition group of the periodic system in carboxypeptidase 
is entirely in keeping with the operational behavior of metal- 
enzyme complexes, however. 

Metal-enzyme complexes exhibit a specific, functional relation- 
ship to several rather than one specific metal ion, and are often 
isolated entirely without a metal, which must be restored in vitro 
to observe catalytic activity. Thus a specificity of association 
is lacking in the native state, resulting in difficulties of interpre- 
tation of the implications which such experimental observations 
may have to biological processes. Studies of metal-enzyme 
complexes have revealed the manner in which such a given en- 
zyme may act as a purely chemical system. The biological 
implications of such observations in vitro have been less certain. 
However, differences in emphasis of this type may be subtle and 
depend on whether the chemical events or their correlation to 
biological implications seem paramount. 

As has been pointed out (5, 22, 23), metalloenzymes and metal- 
enzyme complexes represent a continuous spectrum of the firm- 
ness of the association between metal and protein, with metal- 
loenzymes at the “strong” and metal-enzyme complexes at the 
other, “weak,” limit of this continuous, hypothetical scale of 
bond strengths. This operational classification, intentionally, 
focuses attention on the extremes and not on its center, where 
overlapping behavior is to be expected—a situation similar to 
the classification of acids and bases. 

Carboxypeptidase apparently occupies a central position in 
this hypothetical classification; zinc is bound sufficiently strongly 
so that the bovine and canine enzymes! are known to exist as 
zinc complexes in the native state. The metal is bound less 
firmly, however, than zinc in alcohol dehydrogenase (24), for 
example, but more firmly than in a large number of enzymes 
activated by zinc and other metal ions as well (25). The re- 
placement of zinc by other metal ions in vitro thus permits a 
clear differentiation of the mechanisms which operate biologically 
from those which are chemically possible; also, the activation by 
a number of metals permits a wide range of experimental ap- 
proaches to the study of the functional role of the metal in the 
enzymatic activity. The study of this model system thus 
promises to contribute importantly to the clarification of the 
mechanisms of enzyme action of both groups of catalytic pro- 
teins. 


SUMMARY 


Carboxypeptidase as isolated from bovine pancreas glands 
contains 1 g atom of zinc per mole of protein. The metal can be 
removed by dialysis against buffers of pH below 5.5, or at neutral 
pH, by dialysis against buffers containing 1, 10-phenanthroline. 
In either event, the loss of enzymatic activity is proportional to 
the loss of metal. In the limit, metal-free carboxypeptidase 
can be obtained and crystallized but the original zinc content and 
enzymatic activity can be restored by dialysis against buffers 
containing Zn*++. Activity can also be restored to the metal-free 
enzyme by certain ions of the first transition period, 7.e. Crt**, 
Nit+, Co++, Fet+t+, and Mn++. Thus carboxypeptidase occupies 
a central position in a spectrum of the firmness of association 
between metal and protein, with metalloenzymes at the “strong” 
and metal-enzyme complexes at the other, “weak,” limit of this 
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hypothetical scale. These properties favor carboxypeptidase as 
an object of further studies, now in progress, of the functional 
role of the metal in enzymatic activity. 
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A significant advance in the study of animal viruses was 
marked by the work of Schwerdt and Schaffer (1), who first ob- 
tained purified poliovirus in quantities sufficient to permit rigor- 
ous chemical and physical characterization. Their procedure, 
however, required large volumes of starting material, and was 
both lengthy and laborious. The development of suspension 
culture techniques (2) has provided a convenient means for 
growing mammalian cells under conditions which permit the 
controlled production of relatively large amounts of poliovirus 
(3). Such infected cultures have been utilized as the starting 
material for a rapid and convenient purification procedure which 
embodies the chromatographic method of Hoyer et al. (4, 5). 
The present report describes the application of this procedure 
to the purification of Type 1 poliovirus, and the chemical, physi- 
cal, and immunological characterization of the purified virus. 
The accompanying paper (6) deals with a study of the origin 
and synthesis of the viral protein. 


EXPERIMENTAL 


Materials and Methods 


Cell Culture Techniques—Cultures of the 83 clonal strain of 
HeLa cells (7) were grown in suspension by the spinner tech- 
nique of McLimans et al. (2). The growth medium was a modi- 
fication of that prescribed for monolayer cultures (8, 9) contain- 
ing twice the concentration of amino acids and vitamins, ten 
times the concentration of phosphate, but no added calcium. 
The only supplement to the chemically defined medium was 5% 
horse serum. The cells were maintained in logarithmic growth 
with an average generation time of 24 hours at populations 
between 2 and 6 X 105 cells per ml by daily additions of fresh 
medium. 

Virus—Stock suspensions of Type 1 poliovirus were prepared 
by infecting washed cells according to the infection procedure 
given below. After 20 hours, cellular debris was removed and 
the viral suspension, containing 3 to 10 X 108 plaque-forming 
units per ml, was frozen and stored at —20°. 

Viral Assays—Infectivity of preparations of virus and of in- 
fected cells was estimated by plaque assays on monolayer cul- 
tures of a particularly sensitive clonal strain of HeLa cells (10). 

Infection Procedure—S3 cells were harvested from spinner cul- 


* A preliminary report of this work was presented before the 
American Society of Biological Chemists in April 1959. 
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tures by centrifugation, washed once with growth medium con- 
taining horse serum known to be free from inhibitors of polio- 
virus, and suspended in serum-free medium at 7 to 20 x 105 
cells per ml. A viral inoculum was added to the suspension at 
an input multiplicity of 20 to 40 plaque-forming units per cell 
and the culture was incubated at 37° for 20 to 24 hours, while 
stirring with the magnetic bar was continued. 

The completeness of infection at the end of 2 hours was deter- 
mined by washing a small aliquot of cells free of extracellular 
virus, counting the cells in a hemocytometer, and plating appro- 
priate dilutions both on susceptible monolayers and in growth 
medium in Petri dishes. The fraction of cells infected was 
ascertained by determining the fraction of counted cells which 
gave rise to plaques and failed to yield clones of 8 cells or more 
(3). 

The course of intracellular virus formation (total virus) was 
determined by withdrawing aliquots of the infected culture at 
intervals and releasing intracellular virus for assay by three 
cycles of freezing and thawing. 

In some experiments, the concentration of valine in the me- 
dium was reduced by a factor of six to conserve isotopically 
labeled material, without affecting the yield of virus. 

Ion-Exchange Adsorbent—Ecteola-SF, reagent grade, Type 20, 
capacity 0.39 meq per g, was purchased from the Brown Con- 
pany (11). The material was suspended in 0.5 n NaOH, stirred 
for about 15 minutes, allowed to settle, and decanted. Re- 
peated washings with water were carried out in this manner 
until the supernatant fluid was neutral. A considerable amount 
of fine material was discarded during this process. The washed 
adsorbent was suspended in 0.02 mM sodium phosphate buffer, 
pH 7.1, and columns were prepared according to Sober et al. (12). 

Analytical Procedures—Protein was determined by the method 
of Lowry et al. (13). Measurements of radioactivity and cor- 
rection for self-absorption of samples were made as described by 
Eagle et al. (14). DNA was determined by the method of 
Dische (15). 

Purification of Virus—At the end of incubation of the in- 
fected culture, the cellular debris was removed by centrifugation, 
and the supernatant fluid was concentrated under reduced pres- 
sure between 5- and 10-fold in a rotary evaporator. The tem- 
perature of the water bath during the evaporation procedure 
was held below 35°. <A few drops of octyl alcohol were added 
from time to time to prevent foaming. The concentrated ma- 
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terial contained precipitated salts and cellular material which 
were removed by centrifugation at about 2500 r.p.m. for 20 
minutes. This operation and all subsequent centrifugations 
were carried out at 5°. The supernatant fluid was then centri- 
fuged for 3 hours at 30,000 r.p.m. in a Spinco No. 30 preparative 
rotor. The resulting pellets were suspended in 20 ml of 0.02 m 
sodium phosphate buffer, pH 7.1, and centrifuged at 40,000 
r.p.m. for 2 hours in a No. 40 rotor. These pellets were sus- 
pended in 5 to 10 ml of buffer with the aid of a Teflon homoge- 
nizer. The gross particles in the preparation were removed by 
centrifugation at 3,000 r.p.m. for 20 minutes, and the milky 
supernatant fluid was placed on a column of Ecteola-SF cellulose 
(height 15 cm, diameter 1 cm) at room temperature, and eluted 
with 2-ml portions of 0.02 m phosphate buffer, pH 7.1 (4). 
Sufficient pressure was applied to the column to provide a flow 
rate of about 1 ml per minute. The virus was not appreciably 
held by the adsorbent under these conditions, and was collected 
between the 5th and 20th ml of effluent. The virus in the 
water-clear effluent was again sedimented at 40,000 r.p.m. for 
2 hours before further characterization. If such pellets were 
suspended in 5 ml of water, crystals were obtained after 16 
hours at 4°. 

The entire sequence of purification steps was generally carried 
out in the course of a single working day, although storage over- 
night at 4° was possible at almost any point in the procedure. 


RESULTS 


Propagation and Purification of Virus—Infection of HeLa 83 
cells with Type 1 poliovirus under the conditions of the present 
experiments resulted in the infection of more than 90% of the 
cells within 1 hour, in agreement with previous findings (3). 
Viral maturation began at 4 hours, was complete by 9 hours, 
and yields of extracellular virus were maximal between 18 and 
24 hours. The yield of virus was between 500 to 1000 plaque- 
forming units per cell in several experiments, corresponding to 
approximately a 25-fold increase over the inoculum. The puri- 
fication procedure was carried out starting with batches of cul- 
ture fluid from 100 ml to 6 liters. The chromatographic pro- 
cedure was found to be adaptable without change over this range 
of volumes. 

A representative preparation of poliovirus is summarized in 
Table I. The yield of infectivity in this experiment was about 
700 plaque-forming units per cell. The apparent gain in infec- 
tivity after the chromatography step was not regularly seen, 
and may represent an erroneous titration in this instance. 
Measurements of infectivity after the final sedimentation of the 
virus and suspension in water were inaccurate because of the 
tendency of the virus to aggregate and crystallize under these 
conditions. Usually, less than 2% of the protein and negligible 
infectivity remained in the supernatant fraction after this step.! 

Characterization of Purified Poliovirus—Purified preparations 
exhibited the characteristic spectrum of poliovirus described by 
Schwerdt and Schaffer (17). The specific infectivity of several 
preparations was between 3 and 7 xX 10® plaque-forming units 
per wg of protein. Sedimentation of infectivity, RNA and 
protein was virtually complete in 2 hours at 40,000 r.p.m. in the 


1 Sedimentation of the virus was incomplete in preparations on 
a smaller scale, with one-fifth to one-tenth the quantity of virus 
at this stage in the same volume of buffer. This finding is in ac- 
cord with previous observations on the behavior of dilute suspen- 
sions of poliovirus (16). 
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TABLE I 
Purification of poliovirus* 
Fraction Volume} Total | Total Prut | BFU/ue 
ml mg % 
Cell suspension........ 5500 (1200 3X 10!? 2.5 10100 
Supernatant........... 5500 | 516 3 X 5.8 10100 
Concentrate............ 550 | 302 2.4 X 10'?| 8.0 K 108 80 
Ultracentrifuge pellet..| 8.6) 19.8) 9 X 10!!! 4.5 107) 33 
Column effluent........ 20 1.82) 1.2 10'? 6.6 108) 40 
*4 X 10° cells were infected with 5 X 10!° PFU of virus. The 


suspension was incubated at 37° for 21 hours. See text for ex- 
perimental details. 
1 PFU, plaque-forming units. 


TABLE II 


Complement fixation test of purified poliovirus 
with HeLa cell antiserum* 


Antigen Result 
15 wg Poliovirus protein............................ 0 
20 wg Poliovirus 0 
15 wg Poliovirus + 1.5 wg HeLa protein............. 3+ 


_ * The degree of hemolysis is proportional to the result, with 
4+ indicating complete hemolysis. Antigen, antiserum, and 
complement were incubated in a total volume of 0.7 ml at 4° for 
18 hours, followed by the addition of sheep cells and hemolysin 
and further incubation at 37° for 1 hour. The quantities of the 
reagents used were determined by preliminary titrations to 
achieve optimal sensitivity and specificity. 


Spinco preparative ultracentrifuge. There was no detectable 
DNA in the purified material. 

The virus preparation was tested for the presence of cell pro- 
tein by means of a complement-fixation test with rabbit anti- 
HeLa cell serum.? The results of this procedure, summarized 
in Table II, indicated that less than 5% of the protein in the 
preparation could react with antiserum to the host cell protein. 

Fig. 1 illustrates the behavior in a centrifugally established 
cesium chloride gradient (18)* of a purified virus preparation 
labeled with valine-C™ (6). Under equilibrium conditions, vir- 
tually all the protein (measured as counts per minute), RNA 
(as optical density at 260 my), and infectivity were found in a 
single, narrow zone in the gradient. In view of the ability 
of the procedure to discriminate between materials of different 
buoyant density, this observation indicated that there was 
negligible RNA or labeled protein in the purified material apart 


2 We are indebted to Dr. K. K. Takemoto for providing the 
serum used in this procedure. 

3 The authors wish to thank Dr. R. Dulbecco for suggesting the 
use and providing details of his adaptation of this procedure be- 
fore publication. 
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Fic. 1. Sedimentation in a cesium chloride gradient of a puri- 
fied poliovirus preparation labeled with valine-C!*. The virus 
was suspended in 1.3 ml of water and 0.7 ml of saturated CsCl was 
added. The mixture, which had a specific gravity of 1.33, was 
placed in a Lusteroid tube, overlaid with 3 ml of mineral oil, and 
centrifuged at about 0° for 18 hours at 35,000 r.p.m. in a Spinco 
SW 39 horizontal preparative rotor. Samples of the resulting 
gradient were obtained by puncturing the bottom of the tube 
with a pin, and collecting fractions of 2 drops each. The frac- 
tions, about 0.04 ml, were diluted with 1.2 ml of 0.02 m phosphate 
buffer, pH 7.1, and optical density at 260 mp, @, radioactivity in 
c.p.m. per ml, O, and infectivity in plaque-forming units (PFU) 
per ml, A, were determined on the diluted fractions. The entire 
sample from the meniscus (80 mm) to the bottom of the tube (98 
mm) is represented in the diagram. 


from the virus itself.4 The relative amounts of protein, RNA, 
and infectivity in each of the fractions which contained virus 
were in excellent agreement. 

Additional evidence on the purity of the virus with respect to 
host protein is given by un experiment described in the accom- 
panying paper (6) in which virus was propagated in cells which 
had been grown for four generations in medium containing 
valine-C“, The valine of the virus protein inad less than 3% of 
the specific activity of that of the cell protein, thus indicating 
the maximum possible contribution of the latter to the purified 
virus. For reasons which have been discussed (6) the actual 
amount of host protein is probably considerably less than this 
maximum figure. 

Amino Acid Analysis of Poliovirus Protein—Table III summa- 
rizes the results of the amino acid analyses of three virus prepa- 
rations, carried out on samples of about 1 mg of protein by Dr. 
K. A. Piez with his own modification of the amino acid analyzer 
of Spackman et al. (19). The virus was treated with 10% tri- 
chloroacetic acid, and the resulting precipitate was twice washed 
with 5 ml portions of 10% trichloroacetic acid for 10 minutes at 
90°. The residue was suspended in 5 ml of 6 N HCl, and hydro- 
lyzed at 120° for 18 hours in a sealed tube. The amino acid 
composition of host cell microsomes,* treated in the same man- 


4 When columns shorter than 15 cm were used in the chroma- 
tographie step, a considerable amount of labeled material was 
sometimes found at the top of the cesium chloride gradient. Initial 
studies indicate that this is virus-related material and further 
studies on its identity are in progress. 

5 The microsomes were isolated by differential centrifugation of 
cell homogenates, prepared after twice washing the cells with 15% 
sucrose in 0.015 mM NaCl. The washing procedure (H. Eagle, E. 
L. Kuff, K. A. Piez, and R. Fleischman, unpublished) facilitates 
homogenization of the cells. 
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Amino acid composition of poliovirus and host cell protein* 


Poliovirus protein $3 cell Whole HeLa 

Aspartic acid...... 11.6-12.3)11.9 (12.2)) 9.6 (10.0); 9.6 (10.0) 
Threonine......... 8.3- 9.1 (8.5) 5.4 (5.0)) 4.9 (4.6) 
6.5- 7.7.7.0 (5.3)| 6.1 (5.0)) 5.0 (4.1) 
Glutamic acid..... 7.4- 7.9, 7.7 (8.7))11.3 (13.0))11.5 (13.2) 
6.5- 7.9 7.2 (7.0); 6.4 (4.8)} 6.2 (5.6) 
Glycine............| 6.38- 7.2, 6.8 (3.9)| 8.0 (4.7)| 8.0 (4.7) 
Alanine............ 7.7- 7.9| 7.8 (5.3)) 8.2 (5.7)! 8.5 (5.9) 
Cystine (})........ 0.6- 1.2.0.8 (0.7)} 1.3 (1.3)} 1.2 (1.1) 
7.1-— 7.3) 7.2 (6.6)| 7.2 (6.6)| 7.2 (6.6) 
Methionine........ 0.8— 2.1, 1.5 (2.4)} 0.5 (0.6)| 2.0 (2.3) 
Isoleucine......... 4.7- 4.9 4.8 (4.8)| 5.1 (5.2)) 5.3 (5.4) 
Leucine........... 8.4— 8.6, 8.5 (8.3)| 8.7 (8.9)} 8.9 (9.1) 
Tyrosine.......... 3.3- 4.3) 3.9 (6.0)} 1.5 (2.1)| 2.7 (3.8) 
Phenylalanine..... 4.3- 4.5) 4.4 (5.7); 2.9 (3.8)| 3.7 (4.8) 
Lysine.............| 4.4- 5.3) 4.7 (5.0)| 9.5 (10.9)} 8.0 (9.1) 
Histidine.......... 2.4— 2.5) 2.4 (2.9)| 2.6 (3.1)| 2.1 (2.5) 
14.5-20.017.2 (1.9)|17.1 (2.3)/12.0 (1.6) 
Arginine........... 4.5- 4.7 (6.6)} 6.8 (9.2)| 5.2 (7.1) 


* The analyses are expressed as moles per 100 moles of amino 
acid recovered, and (in parentheses) as grams per 100 g of amino 
acid recovered. The values for threonine and serine (and am- 
monia) are corrected for the partial decomposition of these amino 
acids during hydrolysis; tryptophan is completely destroyed un- 
der these conditions. 


ner, is included for comparison, as is a previously published 
analysis of whole HeLa cell protein (20). 


DISCUSSION 


The use of suspension cultures for the propagation of polio- 
virus not only permits the infection of large numbers of cells 
under controlled conditions, but provides an advantageous 
starting material for virus purification. Low-speed centrifuga- 
tion of the infected culture removes one-half to two-thirds of the 
protein as cellular debris, while the virus remains in the super- 
natant fluid. A 10-fold concentration of this fluid under re- 
duced pressure can then be carried out with little loss of the 
total infectivity. Thereafter, sedimentation in a preparative 
ultracentrifuge and chromatography on the anion exchange ad- 
sorbent Ecteola lead to purified virus in reproducibly high yield. 

Although the virus protein comprises somewhat less than 
0.5% of the total protein in the system, negligible cell protein 
could be detected in the purified virus by several] sensitive pro- 
cedures. This corresponds to about a 200-fold purification of 
the virus with respect to protein, and the fact that the measured 
specific infectivities (Table I) confirm this ratio indicates that 
there is little inactivation of virus in the course of purification. 
Most of the loss in yield occurs because of incomplete suspension 
of the ultracentrifuge pellet. 

The homogeneity of the C-labeled virus in a CsCl gradient 
indicates the absence of any appreciable quantity of viral pro- 
tein dissociated from RNA. This experiment also provides the 
best evidence that the purified virus is free of RNA other than 
that associated with the viral particles. The fact that there was 


a single peak in the gradient, with close correspondence of pro- 
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tein, RNA and infectivity, renders unlikely the presence of any 
contaminating cellular nucleoprotein particles. 

Although the dicarboxylic amino acids are relatively abundant 
in the virus protein hydrolysate, the content of ammonia is also 
high, indicating that the protein is rich in asparagine and gluta- 
mine, and has few free carboxyl groups. Consideration of the 
amino acid analysis as a whole indicates that the considerable 
excess Of basic groups is almost sufficient to neutralize the 
charged groups of the virus RNA. The composition of the 
virus protein differs in certain details from that of the micro- 
somal protein of the host cell, while the latter was generally 
similar to microsomal protein isolated from various sources (21). 


SUMMARY 

A procedure for the purification of Type 1 poliovirus is de- 
scribed which permits the convenient isolation of 2 to 3 mg of 
purified virus from infected suspension cultures of the 53 strain 
of HeLa cells. 

Chemical, physical, and immunological evidence for the purity 
of the virus preparation is presented, as is the amino acid analy- 
sis of the virus protein. 


Acknowledgment—The authors gratefully acknowledge the ex- 
pert technical assistance of Miss Marilyn Mitchell and Mr. 
Thomas K. Sawyer. | 
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The techniques previously available for the study of purified 
animal viruses have not permitted the production under con- 
trolled conditions of sufficient virus for experiments involving 
degradative chemical analysis. The utilization of suspension 
cell cultures (1) and the development of a simple, convenient 
virus purification procedure (2) have now made possible an in- 
vestigation of the questions of the origin and time of synthesis 
of virus protein. Type 1 poliovirus was propagated in HeLa 
S3 cells (3) differentially labeled with L-valine-C™, and the iso- 
tope content of the valine of the isolated virus protein was deter- 
mined. The results indicate that the virus protein is assembled 
from the large intracellular amino acid pool of the cells, and 
that the synthesis of the virus protein begins almost at the 
same time as the appearance of mature virus, but proceeds 
thereafter at a more rapid rate than maturation. 


EXPERIMENTAL 


Materials and Methods 


Propagation, Purification, and Assay of Virus—The cultiva- 
tion of HeLa 83 cells in suspension, the infection of such cultures 
with Type 1 poliovirus, the isolation of purified virus from in- 
fected cultures, and the sedimentation of the purified virus in a 
centrifugally established CsCl gradient, have been described in 
the preceding paper (2). Viral assays by the plaque technique 
and determination of the course of viral maturation were like- 
wise carried out as previously described (4). 

Intracellular Amino Acid Pool—The intracellular pool was 
defined as the material soluble in cold trichloroacetic acid under 
the following conditions. Cell suspensions were centrifuged for 
2 minutes at 1500 r.p.m., or until the pellet of cells was firmly 
packed. The pellet was resuspended in 5 to 10 ml of the super- 
natant fluid, transferred to a conical tube, and centrifuged again. 
The supernatant fluid was decanted, the pellet of cells suspended 
in 5 ml of cold 8% trichloroacetic acid, and the residue removed 
by centrifugation. The soluble fraction was extracted four 
times with 5-ml portions of ether to remove most of the tri- 
chloroacetic acid. 

The aqueous fraction was evaporated to dryness under re- 
duced pressure, and redissolved in water. Preparations from 
1 ml of packed cells (2.5 108 cells) were of sufficient size for 
the isolation of amino acids by ion exchange chromatography. 
With samples of cells of this size, the contribution to the amino 


* A preliminary report of this work was presented before the 
American Society of Biological Chemists in April 1959. 


74 


acid pool from contaminating medium was negligible. Protein 
hydrolysates were prepared from the trichloroacetic acid _pre- 
cipitate as described by Eagle et al. (5). 

Chromatographic Methods—Cell pools, cell protein hydroly- 
sates and media were analyzed for valine by ion exchange chro- 
matography with a 50-cm column of Dowex 50 by an adaptation 
of the procedure of Piez et al. (6). Fractions of the column 
effluent were analyzed for amino acid with ninhydrin (7) and 
plated for determination of radioactivity (5). 

The valine in hydrolysates of the viral protein was isolated 
on paper chromatograms developed in tert-amyl alcohol-2,4- 
lutidine-water (38:38:24 by volume) (6). The valine, which 
was located by treating a very narrow strip of the paper with 
ninhydrin, was eluted from the paper with water. The amount 
of valine in aliquots of eluate was determined by the colorimetric 
ninhydrin procedure (7) in a total volume of 1.2 ml. This pro- 
cedure permitted the measurement of 0.01 uwmoles of amino 
acid with reasonable accuracy, and the specific radioactivity of 
the valine derived from 250 ug of poliovirus protein could ac- 
cordingly be determined. 

Labeled Amino Acid—t-Valine uniformly labeled with 
was obtained from the Schwarz Laboratories, Inc., and was used 
in the medium at a specific activity of around 20,000 c.p.m. per 
umole. 

Valine, an amino acid essential for growth of HeLa cells (8), 
which is neither synthesized nor degraded to any extent by these 
cells (9), was chosen for use because of the ease with which it 
can be isolated by paper and column chromatography. 


RESULTS 


Equilibration of Médium and Cell Pool—When cells previously 
grown in unlabeled medium are placed in a medium containing 
a labeled amino acid, there is a rapid equilibration between the 
medium and the intracellular pool, and the specific activity of 
a labeled amino acid in the medium and pool become virtually 
equal within 15 minutes.! A similar result was obtained with 
cells infected with poliovirus. The infection was permitted to 
proceed for 8 hours, at which time viral production is largely 
completed, but release has just begun (4). Valine-C™ was 
added to the suspension of infected cells and aliquots were with- 
drawn for the preparation of pools at intervals thereafter. The 
specific activity of the valine of the pool was maximal within 
5 minutes after the introduction of the labeled amino acid into 


1H. Eagle, K. A. Piez, R. Fleischman, M. Levy, and A. Free- 
man, in preparation. 
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TABLE 
Incorporation of L-valine-C'4 into poliovirus from 
differentially labeled host cells* 


Time after infection 
Experiment 
0 hrs. | 4 hrs. | 9 hrs. | 24 hrs. 
c.p.m./pmole valine 
13,700 | 12,200 | 14,000 
Cell protein.............. 380 | 1,300; 1,700 
Virus protein............. 13,200 
12,100 | 11,900 | 10,200 
Cell protein.............. 220 | 1,028; 1,670 
Virus protein............. 13 ,600 
Cell protein.............. 8,320 | 8,790} 7,310 
Virus protein............. 250 


* Virus maturation began at 4 hours, and was complete at 9 
hours; virus was harvested at 24 hours when release from cells 
was complete. 


the medium, indicating that, in infected cells as in growing 
cultures, changes in the composition of the medium are rapidly 
reflected in the composition of the pool. 

Source of Amino Acid for Synthesis of Virus Protein—Previous 
studies from this laboratory had shown that poliovirus could 
be formed by full grown monolayer cultures in a medium lacking 
all amino acids except glutamine (10), and had suggested that 
the virus protein was synthesized from the free amino acids 
remaining in the intracellular pool under these conditions rather 
than from products of the degradation of cell protein (4, 11). 
The use of the amino acid pool as the source of virus protein was 
confirmed by the experiments summarized in Table I. In Ex- 
periments A and B, the cell pool and protein were differentially 
labeled in the following manner. Cells previously grown in 
unlabeled medium were centrifuged and transferred, 1 hour 
before infection, to medium which contained valine-C“. There 
was no depletion of the valine from the medium in any experi- 
ments described, thus a constant reservoir of valine-C' was 
afforded. At the time of infection, the cell pool was maximally 
labeled, while the specific activity of the valine in the cell pro- 
tein was considerably lower. This differential distribution of 
the label was maintained during the course of virus production. 
The valine of the purified virus isolated after 24 hours reflected 
the high specific activity of the pool, indicating that it was de- 
rived in large part from this source. 

A converse experiment was performed with cells grown for 
four generations in labeled medium and transferred to unlabeled 
medium 1 hour before infection (Experiment C, Table I). As 
before, the specific activity of the virus valine reflected that of 
the pool, which was less than 3% of that of the host cell pro- 
tein. The small contribution of cell protein to the pool can be 
ascribed in large part to protein turnover (12) in the cells before 
and during the early stages of infection. The close agreement 
in specific activities of the pool and the virus protein in these 
two types of experiments indicates that the only portion of cell 
protein which is utilized for the synthesis of viral protein is that 
very small amount which enters the soluble pool by this process. 

Time Course of Synthesis of Viral Protein—The exclusive use 
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by the infected cell of the intracellular amino acid pool for virus 
protein synthesis and the rapid equilibration between amino 
acids in the medium and the pool, afford a means for investigat- 
ing the time course of the synthesis of viral protein. The addi- 
tion of a labeled amino acid into the medium of an infected cul- 
ture after a part of the viral protein has been formed should 
result in a diminution of the specific activity of the correspond- 
ing amino acid in the virus relative to what it would have been 
if the label had been present from the beginning. If the reason- 
able assumption is made that there is negligible turnover of 
viral protein subsequent to maturation, the fraction of viral 
protein already formed at the time of addition of an amino acid 
label can be determined by measuring the specific activity of 
mature, purified virus in such a culture. In the experiments 
summarized in Table II and Fig. 1, infected cultures were di- 
vided into six equal parts, and valine-C™ was introduced at 


TABLE II 
Effect of time of addition of L-valine-C'* to infected cultures on 
specific activity of purified poliovirus* 


Total OD (Total PFUt xX c.p.m./OD 
C'+-valine unitst 10710 OD unit Total c.p.m. 
added 
1 1.699 4.71 2.77 3648 2148 
3 0.758 1.84 2.41 1569 2070 
4 1.696 6.54 3.27 3315 1955 
6 1.672 6.38 3.82 904 541 
8 2.817 11.98 4.25 254 90 
9 1.606 6.75 4.20 48 30 


* Fractions from CsCl gradients containing purified poliovirus 
were collected and the optical density at 260 my, infectivity and 
radioactivity determined. See text for experimental details. 

t Optical density unit, 1 ml of material with optical density of 
1 with a light path of 1 cm. 

t PFU, plaque-forming units. 
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Fic. 1. Time course of maturation of poliovirus, O, compared 
with the synthesis of virus protein, @, in two experiments. L- 
Valine-C'* was added at intervals to aliquots of an infected cell 
suspension. The percentage of virus matured was determined by 
dividing the average titer in each culture at each indicated time 
interval by the maximum titer, which in every culture occurred at 
9 hours. The percentage of virus protein formed was obtained by 
dividing the specific activity (c.p.m. per optical density unit) in 
the purified virus from each aliquot by the maximum specific ac- 
tivity (1-hour culture) and subtracting from 100%. 
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intervals into the aliquots. Since less than 0.1% of the cells in 
these experiments were uninfected 2 hours after addition of 
virus as judged by the inability to form clones, all cells could be 
expected to begin virus synthesis at approximately the same 
time. Purified virus was isolated from each culture after 21 
hours as described (2). Each sample of purified virus was fur- 
ther characterized by sedimentation in a CsCl gradient, and 
infectivity, radioactivity, and optical density at 260 my were 
measured in diluted fractions of the gradient. As previously 
described (2) the purified virus formed a single peak in the frac- 
tions of the gradient, and infectivity, radioactivity, and optical 
density were coincident. 

The recovery of material from the different aliquots was 
reasonably uniform (Table II, Column 2), and the specific infec- 
tivity was fairly constant (Column 4). In contrast, the specific 
radioactivities expressed as counts per minute per unit of opti- 
cal density at 260 my (Column 6), declined sharply in the cul- 
tures to which label was added more than 4 hours after infection. 
The fraction of viral protein already formed and eventually 
incorporated into virus particles when label was added was 
determined by comparing the specific activity of the purified 
virus at each time period with the maximum value obtained 
when the label was added 1 hour after infection. The course 
of synthesis of virus protein determined by this method is com- 
pared with the intracellular formation of infectious virus (matu- 
ration) in Fig. 1. 

Virus maturation and virus protein synthesis began at vir- 
tually the same time, between the 3rd and 4th hour after infec- 
tion; but protein synthesis proceeded at a more rapid rate, so 
that 75 to 90% of the protein was formed by 6 hours, while only 
35 to 55% of the infectious virus had been formed by this time. 
Both virus protein synthesis and maturation are completed by 
8 to 9 hours after infection. 

Effect of Virus Infection on Protein Synthesis—The effect of 
virus infection on the relative rates of uptake of L-valine-C™ 
into the protein of control and uninfected cultures are described 


TABLE III 


Effect of poliovirus infection on uptake of t-valine-C"4 
into protein in infected cells* 


Infected Uninfected 
Hours after suspension 
mg 10 | ¢.p.m./mg 10 | ¢.p.m./mg. 
1 10.43 789 9.84 931 
2 10.85 402 9.42 623 
3 11.09 170 9.84 485 
4 10.20 259 9.53 725 
5 11.02 173 9.61 467 
6 10.36 126 9.44 705 
11 10.48 17 10.55 798 


* The 6 X 10° cells were harvested and suspended in serum-free 
medium at 4 X 10° cells per ml (See ‘‘Methods’”’). The cells were 
divided into two portions, one of which was infected with 1.2 X 
10'° plaque-forming units, while the other served as an uninfected 
control; 10 ml (4 X 107 cells) were withdrawn from both cultures 
at intervals and allowed to incorporate L-valine-C' for 1 hour. 
Incorporation was stopped by addition of trichloroacetic acid to 
5%. The total protein and the radioactivity incorporated into 
protein is compared in the two cultures. Maturation of virus 
was 60% complete by 6 hours and complete by 11 hours. 
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in Table III. In accord with the experiments of Salzman and 
Lockart (13), there was no evidence of a stimulation of net syn- 
thesis or protein turnover in the infected cell during the early 
periods of infection (14, 15). Moreover, the rate of protein 
turnover, which must be considered to be responsible for the 
labeling of protein in this experiment since no increase in pro- 
tein occurred, declines sharply 2 hours after infection. 


DISCUSSION 


The studies of Siddiqi et al. (16) with bacteriophages and 
Commoner et al. (17) with tobacco mosaic virus clearly indicated 
that in those systems, virus protein was a product of synthesis 
de novo by the infected host cell, and that isotopically labeled 
small molecules were used in preference to the protein of the 
cell. A similar conclusion was drawn with respect to the polio- 
virus-HeLa cell system on the basis of virus yields in cells de- 
pleted of their amino acid pool (4, 11). The present experi- 
ments with differentially labeled cells provide direct evidence 
that poliovirus protein is a newly formed material in the infected 
HeLa cell, and that little or none of the cell protein is utilized 
for virus synthesis. 

The classic studies of Hershey et al. (18, 19) in phage infected 
bacteria indicate that the first newly formed viral precursor 
molecules are DNA, followed by the production of protein. 
Elegant immunologic studies with bacteriophage have shown 
that virus protein is formed almost entirely during the course of 
maturation, not before. The data of DeMars (20) and Roun- 
tree (21) suggest that protein formation proceeds at a slightly 
more rapid rate than maturation, while Lanni (22) reports a 
perfectly parallel rate. 

Our experiments similarly demonstrate that the poliovirus 
protein which is incorporated into viral particles is not synthe- 
sized until maturation begins. This suggests the possibility that 
maturation awaits virus-protein synthesis. This would be im- 
plied more strongly if the time course of polio-RNA synthesis 
were found to precede that of the protein. With two other 
animal viruses (23, 24) infectious RNA has been shown to accu- 
mulate in infected cells before the onset of maturation. It must 
be remembered that the only protein assayed in our experiments 
for its time of synthesis is that which is incorporated into whole 
virus particles. Thus it is possible that poliovirus antigens 
which are not incorporated into virus may appear before matu- 
ration begins. The data of Roizman et al. (25) suggest this as 
a possibility but are not sufficient to permit a firm conclusion 
on this point. 


SUMMARY 


1. Evidence is presented that the amino acids utilized in the 
synthesis of poliovirus in infected HeLa cells come from the in- 
tracellular free amino acid pool. 

2. The synthesis of poliovirus protein which is incorporated 
into virus particles begins at the same time as intracellular mat- 
uration, but proceeds at a more rapid rate. 

3. Protein synthesis and protein turnover are inhibited in 
infected cells after 2 hours of infection as judged by a depression 
in the ability to incorporate labeled amino acids. 
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Progress in the purification of the thyroid-stimulating hormone 
of the anterior pituitary has been slow when compared to that 
of corticotropin, growth hormone, and prolactin, which are now 
well characterized. Earlier workers concentrated thyrotropic 
activity, which has been attributed to a glycoprotein, by a vari- 
ety of extraction and precipitation procedures, and preparations 
whose potencies can be estimated tu be about 1 to 4 U.S.P. units 
per mg have been reported (2, 3). Recently cation exchange 
chromatography, both in this laboratory (4) and as reported by 
Condliffe and Bates (5), allowed the preparation of material 
which assayed about 5 units per mg. The latter authors then 
showed that chromatography of the 5 unit per mg material on 
the anion exchanger diethylaminoethyl (DEAE) cellulose (6) 
resulted in additional fractionation and yielded material of ap- 
proximately 15 U.S.P. units per mg (7).! Countercurrent dis- 
tribution studies in this laboratory (9) led to an extraction pro- 
cedure for the preparation of 5 unit per mg material; two passes 
of the material through columns of DEAE-cellulose gave two 
fractions with potencies of approximately 40 and 30 units per 
mg, respectively (10). Starch-gel electrophoresis experiments 
at pH 5.0 showed that the 40-unit material contained two active 
components, and a third active component made up most of the 
30 unit per mg fraction. However, with the chromatographic 
conditions used in both laboratories the active material did not 
emerge as a sharp peak and only part of it was separated from 
inactive material (10). 

In the present investigation six active components have been 
recognized to emerge in orderly progression from the DEAE- 
cellulose columns. The recognition of the components was per- 
mitted because of greatly improved starch-gel electrophoresis 
patterns obtained.in glycine buffers at pH 9.5. Better chromato- 
graphic separation has been obtained by modification of the 
conditions for elution, and two of the resulting fractions migrate 
through starch gels essentially as single components. The com- 
ponents retained their biological activity during several experi- 
ments designed towards further fractionation. The amino acid 
compositions of the isolated components are also presented. 


EXPERIMENTAL 


Materials and Methods—Thyrotropin concentrates? (5 units 
per mg) were prepared by precipitation of the active material 


* Supported in part by a grant (No. C-2290) from the United 
States Public Health Service and by Cancer Research Funds of 
the University of California. A preliminary report of this work 
has been presented (1). 

1In a recent publication these authors have reported higher 
potencies (8). 

2? Frozen anterior pituitaries were obtained from the Cornish 
Laboratories, Berkeley, California. 
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at the interphase of a n-butanol-p-toluenesulfonic acid system 
(9, 10). When this procedure is carried out on material not 
previously subjected to chromatography (10), some of the pre- 
cipitate will not redissolve in water; this portion is removed by 
centrifugation. ‘The bioassay method was measurement of the 
uptake of P* into the thyroids of chicks (4, 11), with 0.1% plasma 
albumin as a diluent. 

DEAE-cellulose was prepared from Solka-Floc SW-40B 
(Brown Company) (6). Columns of the exchanger were equi- 
librated and the exchanger was regenerated by the usual pro- 
cedures (12). Before chromatography, the protein samples 
were dialyzed for 16 hours against sodium glycinate buffer, 0.005 
M with respect to glycine, pH 9.5. The method of elution with 
gradients was as described by Alm et al. (13). Protein concen- 
tration in the effluent was determined by the method of Lowry 
etal. (14). After chromatography, the buffer salts were removed 
by dialysis through 18/32 Visking tubing against distilled water 
containing 1 mg of Versene (ethylenediaminetetraacetate) per 5 
liters, and the material was recovered by freeze-drying. When 
small amounts of material were in large effluent volumes, 
greatly improved yields were obtained by concentrating the 
solutions in a rotary evaporator at 1-10° before dialysis. 

Starch-gel electrophoresis was carried out as described by 
Smithies (15, 16) with some modifications. Platinum wire was 
used for the electrodes and Saran Wrap (Dow Chemical Com- 
pany) was used instead of petroleum jelly to protect the gels 
from evaporation during runs. The troughs were 28 cm long, 
0.6 cm deep, with the width being varied from 2 to 7.5cm. The 
starch was obtained from the Connaught Laboratories, Toronto, 
Canada, and 15% solutions were poured, covered with Saran 
after 10 minutes, and allowed to gel for 1 hour. Samples of 0.2 
mg of the hormone preparations were dissolved in 10 ul of buffer 
(ionic strength 0.012) and the solution taken up on a piece of 
filter paper (Schleicher and Schuell No. 598) which was then 
inserted in the gel. The filter papers were removed 15 to 20 
minutes after starting the run to prevent streaking of the pat- 
tern. A constant current power supply (Spinco Duostat) de- 
livered a potential gradient of 7 to 11 volts per cm of gel. The 
time of electrophoresis was varied from 3 to 6 hours and no cor- 
rection was made for endosmosis. Either prolactin,? growth 
hormone or, later, a thyrotropin sample containing components 
c and d (see ‘‘Results’’) were included in each experiment in 
order to compare relative mobilities of various fractions. Gels 
were stained with naphthalene black 12B-200 (Imperial Chem- 
ical Industries, Ltd., Arnold, Hoffman and Company) for 14 


8’ The prolactin and the growth hormone used in this work were 
a gift from the Endocrinology Study Section, National Institutes 
of Health. 
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min. and the excess stain was removed by washing (15). With 
thyrotropin as well as with the other pituitary glycoprotein 
hormones, care must be taken not to wash for excessive periods 
of time (1 to 14 hours suffice) as these hormones are more readily 
washed out than, for example, serum albumin or growth hor- 
mone. All chromatographic and electrophoretic experiments 
were carried out at 4°. 


For bioassay of components separated by the electrophoresis, — 


vertical cuts were made in the gel edges (15); 3 of the gel was 
cut off the top and stained for a guide. Areas of gel correspond- 
ing to the location of the stained bands were cut out. Each gel 
section was frozen and thawed three times (Dry-Ice freezing 
mixture) and macerated with a glass rod. Three extractions for 
10-minute periods with portions of 3 ml of a solution of 0.1% 
bovine plasma albumin-0.1% glycine at pH 9.0 to 9.5 were car- 
ried out. After each extraction, followed by centrifugation, the 
supernatant containing the protein was removed. Of the ac- 
tivity placed on the gels 50 to 80% was recovered by this pro- 
cedure. 

Amino acid analysis was performed with 150-cm columns of 
Dowex 50 (4% cross linkage; —400 mesh; obtained from Bio- 
Rad Laboratories) (17). The resin, in general, gave satisfac- 
tory resolution of all the amino acids, although in a few determi- 
nations glycine and alanine; methionine and isoleucine; tyrosine 
and phenylalanine partially overlapped. The procedure of Hirs 
et al. (18) was used for hydrolysis of the samples. 


RESULTS 


Initial Chromatography on DEAE-Cellulose—Of the 5 unit per 
mg material, 1.8 g were chromatographed as previously described 
(7, 10), except that the concentration of the eluting buffer was 
increased in a more gradual and stepwise fashion. Fig. 1 illus- 
trates one of three experiments. After emergence of protein rep- 
resented by the first major peak (gradient to 0.05 m glycine), a 
second gradient elution was begun (to 0.15 m glycine) when the 
protein concentration fell to low values. Additional protein 
emerged as represented by the second peak. Biological activity 
was found in Fractions 1-III and 1-IV with specific activities of 
approximately 5 and 20 units per mg, respectively. The yields 
are given in Table I. Starch-gel electrophoresis (Fig. 1) of the 
fractions showed all to consist of several components, with par- 
ticularly complex patterns given by the active fractions. The 
letter designations of the bands in Fig. 1 were assigned after the 
rechromatography described in the next section. In another 
experiment performed under the same conditions in which Frac- 
tion 1-III was subfractionated into two equal parts, the electro- 
phoresis showed that components h, 7, and 7 emerged from the 
columns before the components showing bands in the area a to e. 
Bioassay indicated the latter components to be the active ma- 
terial. 

Rechromatography of Active Fractions on DEA E-Cellulose—The 
above results indicated that an even more gradual increase in 
concentration of eluting solutions should be effective. Two sam- 
ples of active material were then rechromatographed on DEAE- 
cellulose. In one experiment 393 mg of material corresponding 
to both Fractions 1-III and 1-IV of Fig. 1 were rechromato- 
graphed. The first concentration gradient was allowed to go 
only to 0.04 m. The chromatogram as well as a photograph of 


the starch-gel electrophoresis patterns of material recovered from 
the effluent fractions are shown in Fig. 2. The patterns demon- 
strate that components a through f, although partly overlapping, 
emerge in orderly progression from the column after h, i, 7 and 
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Fig. 1. Lower: Chromatography of 1.8 g of a thyrotropin prepa- 
ration (5 U.S.P. units per mg) on DEAE-cellulose (column 3.4 X 
20 cm). The sample was dissolved in 30 ml of glycine buffer, 
0.005 m, and dialyzed against 1 liter of buffer overnight. « °, 
optical density; ---, glycine concentration. The gradient to 
0.05 m glycine was applied in 375 ml, that to 0.15 m in 500 ml; pH 9.5. 
The bar at the right represents material eluted with 1 m NaH2PO, 
(Fraction 1-V). Fractions of 15 ml were collected and the curve 
was determined by analysis of aliquots of 0.1 ml. Upper: Trac- 
ings of starch-gel electrophoresis patterns of fractions obtained 
by the chromatography; glycine buffer, pH 9.5, T'/2, 0.004. The 
number of lines in each band indicates the relative intensity of 
staining. 


that Fraction 2-IV appears to be essentially one component, c. 
The yields and specific activities of the fractions are given in 
Table I. 

In the second experiment 150 mg of Fraction 1-IV were re- 
chromatographed. Several gradients were applied so that the 
concentration of eluting buffer was increased by small increments. 
After each gradient the concentration of the eluting solution was — 
kept constant until the protein concentration in the effluent solu- 
tion approached zero. The procedure required relatively large 
volumes to complete the elution. It can be seen in Fig. 3 that 
several distinct peaks were obtained. Fig. 3 also shows the elec- 
trophoretic patterns of the fractions. The order of emergence 
of components a to f is clearly shown. Fractions 3-III, 3-IV, 
and 3-V migrate essentially as single bands and consist of com- 
ponents b,c, and c, respectively. The yields and specific activities 
of the fractions are again shown in Table I. 

To determine if a fraction containing one component could be 
reproducibly chromatographed, 8 mg of 3-1V (c with traces of 6 
and d), Fig. 4a, were chromatographed under the same conditions 
as in the preceding experiment. The column diameter and the 
volumes of eluting solution were reduced in proportion to the 
weight of protein. Protein began to emerge at a position cor- 
responding to that of 0.54 effluent liter in Fig. 3, slightly ahead 
of the expected position. Of the total protein 70% was eluted 
with the 0.04 m solution. This material was divided into two 
equal fractions, 4-I and 4-II; their activities are given in Table I. 
Starch-gel electrophoresis patterns showed only component c in 
these fractions. Of the total protein 13% emerged when the 
buffer concentration was raised to 0.06 m; this material (4-III) 
consisted of mostly c with some d being observed in the gel pat- 
terns. Application of more concentrated solutions (to 0.15 m) 
to the column did not elute significant amounts of protein. Thus 
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TABLE I 
Yields and specific activities of fractions obtained by 
chromatography 
ee ting P22 uptake activity 
me 
Starting preparation 1800 5 
1-I 99 0 
1-II 746 0.2 
1-III 111 5; 5 
1-IV 161 15-20; 20-25 
1-V 24 1-2 
Starting preparation? 390 9-10 
2-I 82 1 
2-II 61 20; 20 
2-IIT 34 20; 20 
2-IV 13 60; 40; 30 
2-V 29 25; 40 
2-VI 56 4; 7.5° 
2-VII 3 7 
2-VIII 5 
Starting preparation? 150 20 
3-I 4.9 2.5; 0 
3-II 3.9 10; 15 
3-III 18.7 35; 20-25 
3-1V 16.8 30; 35; 40; 20 
3-V 4.1 20-30; 20 
3-VI 16.0 20; 15 
3-VII 3.5 20; 15 
3-VIII 6.5 10; 10 
3-1X 8.6 10; 5 
3-X 5.2 5; 2 
3-XI 4.3 2 
Starting preparation® 8.0 20 
4-I 2.2 10-20 
4-II 1.9 10-20 
4-III 0.7 10 


¢ Kach value is a separate determination. It can be seen that 
when assays were repeated the more active samples showed a de- 
crease in potency to about 20 to 30 U.S.P. units per mg (10). 

’ The preparation consisted of material similar to 1-III and 
1-IV, pooled from several experiments. 

¢ The low specific activity was probably caused by a rise in 
temperature during concentration of the solution preceding di- 
alysis. 

4 Fraction 1-IV. 

¢ Fraction 3-IV. 


component c chromatographed as it did in the prior run and no 
interconversion of bands occurred. 

Bioassays of Components Separated on Starch Gels—The results 
in Table I show that the fractions containing components desig- 
nated as a, b, c, d, e, and f possess the biological activity; b, c, 
and d were present in largest amounts; b and c showed the highest 
specific activity. A number of experiments were carried out to 
locate the activity in gels after electrophoresis. Of the activity 
placed in the gels 50 to 80% was always recovered from areas 
occupied by the components a tof. Ina typical experiment ma- 
terial containing bands 6 and c was subjected to electrophoresis. 
Cuts were made in the unstained portion of the gel to recover 6 
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and c. An area of gel between these components was also cut 
out and assayed. Most of the activity was found to be in the 
areas corresponding to the position of the components, but some 
activity was found in the area between them. Detection of ac. 
tivity in the latter case is probably due either to smearing of the 
patterns or inaccuracy in cutting the gels. The photograph in 
Fig. 2 shows the slight smearing of material between distinct 
bands. In an electrophoresis of 0.2 mg of Fraction 3-I1V (c plus 
traces of b and d, Fig. 4A) approximately 90% of the recovered 
activity was from the area corresponding to c; 5 to 10% from 
areas corresponding to b and d. 

Areas of gel corresponding to h, 7, and 7 showed no biological 
activity in the P® uptake assay. In one experiment biological 
activity was determined by measurement of the increase in blood 
I'31 (19); material containing only c was active; components h, 
7, and 7 were again inactive. 

Starch-Gel Electrophoresis of Active Fractions under Various 
Conditions—The electrophoretic patterns presented in the pre- 
ceding sections were obtained in gels made with the glycine buffer, 
pH 9.5, ionic strength 0.004. Similar patterns were obtained 
with the buffer at 0.012 ionic strength. In an experiment in 
which single components were isolated from the starch after elec- 
trophoresis, then adsorbed on DEAE-cellulose, eluted, and sub- 
jected again to electrophoresis, each component migrated once 
again as a distinct and single band. Dialysis of a sample con- 
taining 6 and c against glycine buffer of 0.012 ionic strength for 16 
hours before electrophoresis also caused no change in the pat- 
tern. Although the best resolution of components a to f was 
obtained in glycine buffers at pH 9.5, experiments in glycine 
buffer, pH 3.3; acetate buffer, pH 5.0; phosphate buffer, pH 6.0; 
Veronal buffer, pH 7.0, 8.0, and 9.5; borate buffer, pH 8.6; and 
glycine buffer, pH 10.8 and 11.8, all demonstrated the presence 
of the different components. The ionic strength of the buffers 
in these experiments was 0.012. 

Correlation with Previously Published Results—The improved 
resolution obtained with the use of the glycine buffers enabled us 
to demonstrate that the 40 unit per mg material described in a 
previous report (10) consists chiefly of components d and e with 
a small amount of f. The 30 unit per mg material contains 
principally c and d (some 6 and e are present). As the 30 unit 
per mg material emerged during chromatography before the 40- 
unit material (10), the order of elution of the active components 
from DEAE-cellulose was the same as reported in this paper. 

Molecular Size of Active Components—Previous work utilizing 
a microelectrodialysis technique in starch gels (20) allowed us to 
estimate a molecular weight in the range of 26,000 to 30,000 for a 
thyrotropin preparation of 30 units per mg now known to consist 
principally, of c and d. Similar experiments were carried out 
with a series of the present preparations containing a and 8, ¢, 
and e and f, respectively. In all cases no staining material was 
observed to pass through unstretched 20/32 Visking tubing at 
pH 5.0 (20). The same membrane when stretched allowed pas- 
sage of staining material. The results indicate all the active 
components to be of approximately the same molecular size. 

A determination of the sedimentation constant of a sample con- 
taining components d and e gave a value of approximately 2.9. 
In the earlier literature (3, 21) values of 1.0 for the sedimentation 
constant, were reported for thyrotropin preparations of about 1 
to 4 U.S.P. units per mg obtained by trichloroacetic acid frac- 
tionation, and a molecular weight of approximately 10,000 was 


4 Kindly carried out by Dr. Warner H. Florsheim. 
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Fic. 2. Lower: Rechromatography on DEAE-cellulose of 390 
mg of a thyrotropin preparation (pooled material from several 
experiments) similar to 1-III and 1-IV (9 to 10 U.S.P. units per 
mg; column 1.9 X 20 cm). The sample was dissolved in: 10 ml of 
glycine buffer, 0.005 mM, and dialyzed against 1 liter of buffer over- 
night. e, optical density; glycine concentration. The 
gradient to 0.04 m glycine was applied in 85 ml, that to 0.15 m in 
170 ml; pH 9.5. Fraction 2-VIII was eluted with 1 Mm NaH2PQ,. 


assumed. Because of the discrepancy between this value and 
the higher one reported for thyrotropin of about 30 to 40 U.S.P. 
units of activity per mg (20), the question of whether trichloro- 
acetic acid treatment would dissociate a low molecular weight 
substance with high specific activity from the bulk of the protein 
was reinvestigated. Five milligrams of Fraction 2-V (c and d) 
were dissolved in 0.5 ml of water and treated with trichloroacetic 
acid and NaCl according to the procedure of Fels et al. (3). Two 
fractions were obtained; one insoluble in a 2.5% trichloroacetic 
acid-15% NaCl solution, the other soluble. The yields were 3.5 
and 1.2 mg, respectively, and the biological activity of each frac- 
tion was the same as that in the starting material (20 units per 
mg). Electrodialysis in starch gels showed the soluble fraction 
to behave in an identical fashion to the starting material with 
respect to nonpassage of staining material and biological activity 
through a 20/32 Visking membrane (20). On repeating the tri- 
chloroacetic acid-NaCl precipitation with 2.5 mg of the insoluble 
fraction, fractionation was again obtained: 0.28 mg of soluble 
material; 0.89 mg of insoluble material. Fig. 4B shows the al- 


most identical starch-gel patterns of the two soluble and two in- 
soluble fractions compared to the starting material. 

Starch-gel Electrophoresis of Mixtures of Thyrotropin and Bovine 
Plasma Albumin—In order to see if starch-gel electrophoresis 
could separate the thyrotropins from an artificially constituted 
mixture with another protein, samples containing c and d were 


Fractions of 5 ml were collected and the curve was determined by 
analysis of aliquots of 0.1 ml. Upper: Photograph of starch-gel 
electrophoresis patterns of fractions obtained by the rechromatog- 
raphy; glycine buffer, pH 9.5, '/2, 0.004. Samples analogous to 
the starting material are shown on the top and bottom for com- 


parison. Fraction 2-I (not shown) consisted of h,i,j. It can be 
seen that some smearing between bands occurs. 
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Fic. 3. Lower: Rechromatography on DEAE-cellulose of 150 
mg of Fraction 1-IV (20 U.S.P. units per mg; column 1.9 X 23 
cm). The sample was dissolved in 3 ml of glycine buffer, 0.005 mM, 
and dialyzed against 1 liter of buffer overnight. The gradients 
to 0.04 and 0.06 M glycine were applied in 250 ml, those to 0.08 m, 
0.10 mM, and 0.15 M in 125 ml each; pH 9.5. Fractions of 5 ml were 
collected and the curve determined on aliquots of 0.2 ml. Upper: 
Tracing of starch-gel electrophoresis patterns of fractions ob- 
tained by the rechromatography; glycine buffer, pH 9.5, ['/2, 0.004. 
The number of lines in each band indicates the relative intensity 
of staining. 
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Purification of Beef Thyrotropic Hormone 


Fic. 4A. Photograph of starch-gel electrophoresis pattern of 
Fraction 3-IV (component c), glycine buffer, pH 9.5, 1'/2, 0.004. 
B. Photograph of starch-gel electrophoresis patterns of material 
obtained from Fraction 2-V (components c and d) after treatment 
with trichloroacetic acid. 1 and 6, Fraction 2-V; 2, material 


PLASMA ALBUMIN € 
PLASMA ALBUMIN + 2-¥ @ iii 
pH 9.5 
PLASMA ALBUMIN 
PLASMA ALBUMIN + 2-% 3 
H 5.0 
+ 


Fic. 5. Tracings of starch gel patterns obtained after electro- 
phoresis of 0.04 mg of Fraction 2-V (c and d) mixed with 0.4 mg 
of bovine plasma albumin; glycine buffer, pH 9.5 and acetate 
buffer, pH 5.0, I'/2, 0.012. 


insoluble in trichloroacetic acid; 3, material soluble in tri- 
chloroacetic acid; 4, the insoluble material resulting from further 
trichloroacetic acid treatment of 2; 5, the soluble material result- 
ing from further treatment of 2. 


mixed with bovine plasma albumin (Armour, crystallized). The 
electrophoretic results at pH 5.0 and pH 9.5 for a mixture with a 
thyrotropin-albumin ratio of 1:10 are shown in Fig. 5. The high 
resolving power of the electrophoresis is illustrated as a ready 
separation occurred between bands c and d and the components 
of the albumin preparation. Bioassay of areas of gel correspond- 
ing to the thyrotropin components showed activity to be present, 
whereas, within the sensitivity of the assay, no activity could be 
detected in the ‘‘albumin areas”. Similar results were obtained 
for mixtures with thyrotropin-albumin ratios of 2:1 and 1:100. 

Amino Acid Composition—To determine if any differences in 
composition between the two isolated components could be found, 
samples of Fractions 2-IV and 3-IV (component c) and of 3-III] 
(component 6) were analyzed for their constituent amino acids. 
The results are given in Table IT and show a close similarity in 
composition between 6 and c. Two constituents were repre- 
sented in the chromatograms by two well separated peaks emerg- 
ing in the area between the leucine and tyrosine peaks, the posi- 
tion of glucosamine (17). Material from both peaks gave an 
Elson-Morgan test for amino sugar and further chromatographic 
studies (22) showed glucosamine and galactosamine to be present. 
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TABLE I] 
Amino acid composition of hydrolysates of thyrotropins* 
Amino acid residues per 100 g of protein Calculated No. of residues for mol. wt. 28,000 
b c d+e b | c d+e 
g g g | 

Aspartic acid 5.95 + 0.21 5.75 + 0.06 5.84 14.4 + 0.5 | 14.0 + 0.1 14.2 
Threonine 5.65 + 0.16 5.55 + 0.08 5.32 15.6 + 0.4 15.3 + 0.2 14.7 
Serine 3.25 + 0.12 3.03 + 0.09 3.38 10.4 + 0.4 9.7 + 0.2 10.9 
Proline 5.14 + 0.36 4.73 + 0.07 5.71 14.7 + 1.0 13.6 + 0.2 16.5 
Glutamic acid 6.74 + 0.05 6.77 + 0.21 7.62 14.6 + 0.1 14.7 + 0.4 16.5 
Glycine? 3.12 + 0.11 2.37 + 0.08 4.63 15.3 + 0.5 11.6 + 0.3 22.6 
Alanine 3.13 + 0.11 3.04 + 0.08 3.46 12.3 + 0.5 11.9 + 0.3 13.7 
Valine 3.92 + 0.17 3.74 + 0.14 3.16 11.0 + 0.5 | 10.5 + 0.4 8.9 
Half cystine 6.09 + 0.44 6.58 + 0.55 4.55 16.6 + 1.2 | 18.0 + 1.5 12.4 
Methionine 2.32 + 0.12 2.49 + 0.14 1.90 4.9+ 0.2 5.3 + 0.3 4.0 
Isoleucine 2.76 + 0.09 2.76 + 0:06 2.64 6.8 + 0.2 6.8 + 0.2 6.5 
Leucine 3.34 + 0.09 3.01 + 0.05 3.20 8.2 + 0.2 7.5 + 0.1 7.9 
Glucosamine‘¢ 2.44 + 0.16 2.39 + 0.31 1.54 4.24 0.2 4.1 + 0.5 2.7 
Galactosamine‘¢ 0.93 + 0.34 1.29 + 0.18 0.52 1.6 + 0.6 2.2 + 0.3 0.9 
Tyrosine 6.02 + 0.08 6.58 + 0.09 5.50 10.3 + 0.2 11.3 + 0.2 9.4 
Phenylalanine 3.31 + 0.30 3.28 + 0.34 4.55 6.3 + 0.5 6.2 + 0.6 8.6 

Ammonia 1.29 + 0.14 1.28 + 0.02 2.12 
Lysine 6.80 + 0.18 7.18 + 0.14 7.40 14.8 + 0.4 15.7 + 0.3 16.2 
Histidine 2.38 + 0.15 2.44 + 0.18 1.82 4.8 + 0.3 4.9+ 0.4 3.7 
Arginine 4.09 + 0.30 3.86 + 0.23 3.51 713468 | 6.9 + 0.4 6.3 
Total 78.67 78.12 194.1 | 190.2 196.6 


« The values are corrected for 4%) moisture and 3.59 ash which were determined on a fraction containing components b, c, d, and e’ 
The results for 6 (3-ILI) and ¢ (2 samples of 3-IV and one of 2-IV) are average values of triplicate analyses with samples of 2.5 mg’ 


The variation is expressed as the average of the deviations from the mean. 


In the single analysis of d + e (3-VII) the total recovery 


was 64.1% and the results have been arbitrarily corrected to give the same aspartic acid content as in b and c. 
+ These values include small amounts of free glycine which were not completely removed by dialysis; more in 6 than in ¢ as found 


by paper chromatography of unhydrolyzed samples. 


¢ Hexosamines are partially destroyed during hydrolysis with 6 Nn HCl. 


Values of 3.1% for glucosamine and 1.4% for galactosamine 


were obtained under milder hydrolytic conditions on material containing components a to e, and a hexose content of 3.4% was found 


(22). 


It can be seen that even when corrected values for the hexos- 
amines and a value for hexose (22) are included, the total re- 
covery accounts for only 80 to 85% of the weight of the samples. 
As sufficient material was not available for direct moisture and 
ash determinations and because of the problem of destruction of 
amino acids during hydrolysis, especially in the presence of car- 
bohydrate, some of the values must be regarded as tentative. 
Only small amounts of humin were observed in the hydrolysates. 
In the analysis of the sample containing d and e (3-VII) the data 
are less accurate because of a presumably large amount of de- 
struction during hydrolysis (note high ammonia value). It ap- 
pears, however, that the material has a composition quite similar 
to that of b and c. 

The values given in Table II do not include tryptophan. The 
ultraviolet spectra for b and c were alike and resemble those 
of proteins in which tryptophan is low or absent (23). When 
the tryptophan and tyrosine contents were calculated (23), 
values of 0.8% tryptophan and 6.2% tyrosine were obtained for 
b and 0.8% and 6.4%, respectively, for c. Similar calculations 
on the spectra of insulin and ribonuclease, which are tryptophan- 
free, gave values for the tryptophan in these proteins of 1.0% 
and 0.4%, respectively, thus indicating some error in the base 
line correction (23). In Hopkins-Cole (glyoxylic acid) tests for 


tryptophan the color given by the unknowns was compared to 
that given by lysozyme controls (approximately 8% tryptophan). 
A 0.4 mg sample of Fraction 3-1V (c) was needed to give a faint 
positive test, the same color as given by 0.01 mg of lysozyme. 
These results indicated approximately 0.2% of tryptophan to be 
present in Fraction 3-I1V which would correspond to 0.3 residue 
per 28,000 molecular weight. However, under identical condi- 
tions no tryptophan could be detected in a sample containing 
components a to e, which had been chromatographed on hy- 
droxy] apatite (22). Thus, tryptophan is not needed for thyro- 
tropic activity. Its presence as a fraction of a residue could 
conceivably be due to contaminating proteins, peptides or free 
tryptophan. A similar situation with respect to isoleucine has 
been found in some preparations of hemoglobin (24). 


DISCUSSION 


The present work clearly demonstrates the value of the starch- 
gel electrophoresis of Smithies (15) in the interpretation of the 
results of chromatography. With beef thyrotropin, six com- 
ponents, all of which are biologically active, have been recognized 
and two have been obtained by chromatography as what appear 
to be essentially homogenous preparations. The data indicate 
that it is highly unlikely that the bands observed in the gels are 
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artifacts of the chromatography or the electrophoresis due to re- 
versible complexes with ions of either the chromatographic or 
electrophoretic buffer systems. The fact that the active com- 
ponents first observed in the electrophoresis after one passage 
through the anion exchanger emerge during the rechromatog- 
raphy in the order of increasing mobility toward the anode further 
reduces the possibility of the existence of artifacts. In fractions 
showing either a single or several bands in the electrophoresis, 
the bands reoccur in a reproducible fashion and apparently with- 
out interconversion to each other during further anion exchange 
chromatography, electrophoresis under a variety of conditions, 
or after treatmént with trichloroacetic acid. The data do not 
exclude the possibility that the multiple components arose during 
the purification procedure prior to chromatography. 

The bioassay values of the various chromatographic fractions 
as well as the assay values of areas of the starch gel corresponding 
to components a to f afford evidence that the thyrotropic activity 
is an intrinsic property of each of these components. In this 
respect results of electrodialysis experiments previously reported 
(20) appear to eliminate the existence of a protein with greatly 
increased specific activity of molecular weight significantly higher 
than 26,000 to 30,000. Furthermore, treatment of the active 
material with 2.5% trichloroacetic acid-15% NaCl accomplished 
no fractionation with respect to either molecular size or biological 
activity. Thus, the less active material, reported by earlier 
workers to be soluble in trichloroacetic acid and to have a molecu- 
lar weight of 10,000 (3, 21), apparently consisted of a small 
amount of active hormone plus trichloroacetic acid-soluble pro- 
teins of about 10,000 molecular weight. The possibility still 
remains, however, that the activity could reside in a smaller 
molecule of high specific activity, bound by non-covalent forces 
to each of components a to f, and which has not been separated 
from them by the techniques employed. As long as no such 
separation is achieved, it is proposed to refer to the components 
as thyrotropins a, b, c, d, e, and f, with a being the active com- 
ponent with the least electrophoretic mobility towards the posi- 
tive electrode at pH 9.5. 

From the behavior in the electrodialysis experiments, all six 
components appear to be of approximately the same molecular 
size, and thus the multiple components observed are not due to 
association or dissociation into larger or smaller units. If the 
components are all of the same size, the chromatographic and 
electrophoretic data then indicate that they differ in their net 
charge or in their charge distribution. A possible cause for dif- 
ferences in net charge may be a variation in amino acid composi- 
tion. In proteins of about 28,000 molecular weight, however, 
the detection of a difference in one or two amino acid residues per 
molecule is difficult. Within the limits of accuracy of the amino 
acid analysis, components 6 and c are very similar. Of the ap- 
parent differences observed, the most probable real difference 
between 6 and c is in the leucine content. When the leucine con- 
tent was calculated in comparison to the sum of isoleucine plus 
methionine, the two amino acids emerging immediately ahead of 
leucine, the molar ratios of methionine + isoleucine to leucine 
were found to be 1.41, 1.43, and 1.45 for b and 1.58, 1.66, and 1.67 
for c in the individual determinations. The difference between 
these values corresponds to about a one residue difference in the 
leucine content of band c. Although it is thus tempting to con- 
sider that part of the difference between } and c is due to their 
respective leucine contents, the possibility of varying degrees of 
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destruction of amino acids during hydrolysis (18), especially jn 
the presence of carbohydrate, should not be overlooked. The 
high cystine content is also noteworthy and destruction of cystine 
may account for much of the loss in the total recovery of residues, 


SUMMARY 


Starch-gel electrophoresis was used to follow the chromato. 
graphic purification of beef thyrotropin on diethylaminoethy| 
cellulose columns. Six components with thyrotropic activity 
were found, the most active assaying 30 to 60 U.S.P. units per 
mg. Under modified conditions of elution improved chromato. 
graphic separation of the active components resulted. Two of 
the components have been isolated, and each migrates essentially 
as a single band in the starch-gel electrophoresis. The amino 
acid composition of the two isolated components is similar and al] 
components appear to be of the same molecular size, 26,000 to 
30,000. The components did not convert one to the other during 
rechromatography and re-electrophoresis. 
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The partial purification of beef thyrotropin with the cation ex- 
changers Amberlite IRC-50 (2, 3) and carboxymethyl (CM) cel- 
lulose (3, 4) has been previously reported. The preceding pa- 
per (5) describes the rechromatography on diethylaminoethyl 
(DEAE) cellulose of thyrotropin preparations assaying 20 U.S.P. 
units per mg which resulted in fractions apparently containing 
only those glycoproteins with the biological activities ascribed to 
thyrotropin. By means of the starch-gel electrophoresis tech- 
nique (6, 7) six active components designated as thyrotropins a 
to f were recognized to have been eluted progressively from the 
columns, and two of these components were obtained as what ap- 
peared to be essentially homogeneous preparations by electro- 
phoretic criteria. The present paper reports further experiments 
to test the possibility that the biological activity could be sepa- 
rated from the glycoproteins of molecular weight of approxi- 
mately 28,000 (8), and to determine if the same bands observed 
after anion exchange could be observed in the starch-gel patterns 
after cation exchange chromatography. Thyrotropin prepara- 
tions which had been once chromatographed on DEAE-cellulose 
were rechromatographed on the cation exchanger CM-cellulose 
(3, 4, 9, 10) or on hydroxyl] apatite (11-13). Chromatography 
on these media allowed a greatly improved separation of the in- 
active components h, 1, and 7 (5) from what still proved to be the 
active components, a tof. It is of interest that the active com- 
ponents were found to emerge in reverse order from both CM- 
cellulose and the hydroxy] apatite than from the anion exchanger 
(5), thus offering strong evidence that a principal difference be- 
tween the active components is a difference of charge. The 
carbohydrate contents of fractions obtained both by anion ex- 
change chromatography and by chromatography on hydroxyl 
apatite are presented. 

This paper also describes a comparative study of beef, sheep, 
and whale thyrotropins utilizing DEAE-cellulose chromatog- 
raphy (9, 14, 15), starch-gel electrophoresis (5-7, 15), and the 
starch-gel electrodialysis method for determination of approxi- 
mate molecular weight (8). 


* This investigation was supported in part by a grant (No. 
C-2290) from the United States Public Health Service, by a train- 
ing grant (No. 2M-6415) from the National Institute of Mental 
Health, United States Public Health Service, and by Cancer Re- 
search Funds of the University of California. A preliminary re- 
port of this work has been presented (1). Portions of this work 


were taken from a dissertation submitted by L. K. Wynston in 
partial satisfaction of requirements for a degree of Doctor of 
Philosophy, University of California, Los Angeles, 1959. 


Methods and Materials 


Concentrates of beef thyrotropin, 5 U.S.P. units per mg, and 
whale thyrotropin, 3 to 5 U.S.P. units per mg, were prepared 
from frozen anterior pituitary glands! as previously described 
(15, 16). Sheep thyrotropin, assaying 3 to 5 U.S.P. units per 
mg, was prepared from whole pituitaries? by a similar procedure 
which also included passage through two Amberlite IRC-50 cat- 
ion exchange columns before a n-butanol-p-toluenesulfonic acid 
extraction (16). 

Diethylaminoethy! cellulose was prepared according to the 
procedure of Peterson and Sober (9), starting with Solka-Floc 
SW-40B cellulose (Brown Company). Chromatography of 5 
unit per mg material was carried out essentially as described (14, 
15). All preparative chromatography was carried out at 4°. 
Protein concentrations were determined by the method of Lowry 
et al. (17). 

Triethylaminoethyl (TEAE) cellulose was prepared according 
to the method of Porath (18). The buffer systems and elution 
procedure were the same as in the DEAE-cellulose experiments. 

Hydroxy] apatite (Cas(PO,);0H) was prepared essentially ac- 
cording to a modification (12) of the procedure of Tiselius (13). 
Two hundred milliliters of 0.5 m CaCle were added drop by drop 
with constant stirring to 240 ml of 0.5 m sodium phosphate, pH 
6.7. After 1 hour’s stirring the precipitate was washed once with 
500 ml of 0.005 m phosphate buffer, pH 6.7, and twice with por- 
tions of 500 ml of water. The precipitate was then boiled for 
30 minutes in 750 ml of saturated Ca(OH)2. The product was 
washed six times with portions of 500 ml of 0.005 m phosphate 
buffer, pH 6.7, and dried at room temperature. 

The hydroxy] apatite was mixed with an equal volume of Solka- 
Floc SW-40B cellulose, equilibrated to pH 6.8 with sodium phos- 
phate buffer (0.01 m with respect to phosphate) and then packed 
into columns under gravity. Elution of the samples was begun 
with 0.01 mM sodium phosphate buffer, pH 6.8, followed by a gradi- 
ent (19) to 0.10 m phosphate at the same pH. Fractions of 5 ml 
were collected at a flow rate of 6 to 8 fractions per hour. 

Carboxymethy] cellulose was prepared according to the method 
of Peterson and Sober (9). After equilibration to pH 6.3 with 


1 Obtained from Cornish Laboratories, Berkeley, California. 
The whale pituitaries represented a mixed population of primarily 
finback whales together with some blue, sperm, and humpback 
whales. 

2 The sheep pituitaries were a gift of the Endocrinology Study 
Section, National Institutes of Health. 
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0.01 m sodium phosphate buffer, the cellulose was packed into 
columns 0.9 X 30 cm. Elution of the sample was begun with 
the same buffer, and fractions of 1 ml were collected at a flow 
rate of about 6 fractions per hour. Elution was continued with 
a gradient to 0.10 m NaCl in the phosphate buffer after which a 
stepwise change to a solution of 0.5 m NaCl in the buffer was 
made. In other experiments gradients to 0.20 mM NaCl or 1.0 m 
NaCl were used. 

Starch-gel electrophoresis experiments and the starch-gel elec- 
trodialysis method for the determination of approximate molecu- 
lar size have been described (5-8). In the latter method mem- 
branes of 20/32 Visking dialysis tubing, either untreated or made 
more permeable by hydrostatic stretching (20) or treatment with 
ZnCl, (21), were implanted in the gels 1 cm from, and parallel to, 
the origin. Upon completion of the electrophoretic runs (3 to 4 
hours) the sides of the gels were trimmed away, and the top and 
bottom of the gels were carefully sliced off, both to serve as a 
guide, when stained, for cutting out particular areas of the gel 
for bioassay, and to exclude contamination if leakage of activity 
along the top and bottom of the starch-gel blocks had occurred. 
The method of bioassay used was that of Greenspan et al. (22) 
in which the uptake of P® into the thyroids of 1-day-old chicks 
is measured. 

Total hexosamine determinations were carried out according to 
the modified Elson-Morgan reaction (23) of Neuhaus and Letz- 
ring (24). Analyses were run on duplicate or triplicate samples 
containing 10 to 40 wg of hexosamine. 

The quantitative separation of glucosamine and shauna 
was carried out according to the method of Gardell (25). Five 
milligrams of glycoprotein were dissolved in 2 ml of 4 N HCl and 
hydrolyzed for 4 hours at 100° in a boiling water bath. The 
samples were evaporated to dryness under reduced pressure over 
solid NaOH and P.Os, then redissolved in 1 ml of 0.3 ~ HCl and 
chromatographed on 0.9 X 30 cm columns of Dowex 50W-X8, 
200 to 400 mesh (Bio-Rad Laboratories) with 0.3 N HCl as the 
eluting agent. Fractions of 1 ml were collected at a flow rate of 
about 15 ml per hour. Ninhydrin determinations (26) and the 
modified Elson-Morgan reaction as described above were run on 
aliquots to locate the position of emergence and to determine the 
amounts of the two hexosamines present. 

Nonamino sugars were obtained from the thyrotropin prepara- 
tions by a modification of the procedure described by Gottschalk 
and Ada (27). Samples of 10 mg were dissolved in 2 ml of 0.25 
wn H.SO, and hydrolyzed in sealed tubes at 105-110° for 19 to 22 
hours. The cooled hydrolysates were neutralized to a phenol- 
phthalein endpoint with NaOH, after which 2 drops of 20% acetic 
acid were added. The solution and washings were lyophilized to 
a volume of 1 to2 ml. Twenty-five milliliters of cold absolute 
ethanol were added, and after 14 hours at 4°, the precipitate was 
removed by centrifugation. To the supernatant were added 50 
ml of distilled water and 4 drops of 20% acetic acid. The volume 
was reduced to 10 to 15 ml by evaporation on a rotary evaporator 
at temperatures below 20°. The concentrated solution was 
passed through a 0.9 X 12 cm Dowex 50W-X8 column, followed 
by 15 to 20 ml of water. The eluate and washings were lyo- 
philized. 

Descending paper chromatography (Whatman No. 1 paper) 
of the nonamino sugars was carried out with a n-butanol-pyri- 
dine-water system (28). The dried chromatograms were sprayed 


with aniline hydrogen phthalate (29) and heated at 100—105° for 
5 to 7 minutes. 
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Paper electrophoresis (30) of the sugars was carried out in 0.0] 
M Na2B,O; at pH 9 with Whatman No. 3 MM paper in a Spineo 
model R, Durrum type paper electrophoresis apparatus. Rung 
were carried out with 400 volts (constant voltage) for 3 to 4 
hours. The dried paper sheets were sprayed with p-anisidine 
trichloroacetate (31) and heated at 100—105° for 5 minutes. 

Quantitative ‘‘total’’, nonamino sugar determinations were run 
with a modification of the anthrone procedure of Seifter et al. 
(32). Samples containing 10 to 30 ug of carbohydrate were dis- 
solved in 1 ml of distilled water and frozen at —20°. Four millj- 
liters of cold anthrone reagent containing 0.2% anthrone in con- 
centrated sulfuric acid were rapidly added by pipette, the 
contents of the tube were mixed by shaking, and the loosely 
capped tubes were heated for 10 minutes in a boiling water bath. 
After cooling the tubes, the optical density was read at 620 mu. 
Glucose standards containing 0 to 40 ug per ml were run with each 
set of determinations. 

Sialic acid determinations were carried out according to the 
procedure of Svennerholm (33) with orosomucoid? used as a sialic 
acid standard. 


RESULTS 


To prepare 20 unit per mg material for further chromato- 
graphic experiments, 1 g of 5 unit per mg beef thyrotropin was 
dissolved in 30 ml of 0.005 m sodium glycinate buffer, pH 9.5, 
and dialyzed for 18 hours against 2 liters of the same buffer. The 
sample was centrifuged to remove insoluble material (62 mg) and 
the supernatant applied to a 1.9 * 35 cm column of DEAE- 
cellulose. The results of a typical experiment are in Fig. 1a, 
presented in conjunction with results of similar chromatography 
of sheep and whale thyrotropins. Thyrotropic activity was 
found in Fractions la-V (yield, 45 mg; 18 units per mg), 1la-V] 
(yield, 74 mg; 25 units per mg), and la-VII (yield 23 mg; 7 units 
per mg). Starch-gel electrophoresis indicated the presence of 
several components in each fraction. Fig. 2 illustrates the pat- 
tern obtained with Fraction la-VI of the chromatogram. This 
material was used for rechromatography on carboxymethy] cellu- 
lose and hydroxyl apatite. Active components a, b, c, d, and e 
as well as inactive components h and 7 (5) can be seen to be pres- 
ent. 

In an experiment with a stronger anion exchanger, 21 mg of a 
thyrotropin preparation assaying 5 units per mg were chroma- 
tographed on a 0.9 X 17.5 cm column of TEAE-cellulose with 
glycinate buffer, pH 9.5. A similar chromatographic pattern 
as that found with chromatography on DEAE-cellulose was ob- 
served. 

Chromatography on Hydroxyl Apatite—Of a 20 unit per mg 
thyrotropin preparation 201 mg were dissolved in 10 ml of 0.01 
m sodium phosphate buffer, pH 6.8, and dialyzed for 20 hours 
against 500 ml of the same buffer. At this and at lower pH’s 
the samples do not dissolve readily. The dialyzed sample was 
centrifuged to remove insoluble material (61 mg), and the su- 
pernatant was applied to a 1.9 X 25 cm column containing equal 
volumes of hydroxy] apatite and cellulose. The chromatogram 
is shown in Fig. 3. A sharp peak (3-I) emerged beginning with 
the solvent front. This fraction (yield, 16.3 mg) was inactive, 
and starch-gel electrophoresis showed it to contain the bands h, 1, 
and 7, which were not easily separated from the active mateetal 
by rechromatography on DEAE-cellulose (5, 15). After appli- 


3 The orosomucoid was kindly furnished by Dr. E. A. Popenoe. 
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cation of the gradient of increasing ionic strength, a peak (3-II) 
containing 57 mg of active (20 units per mg) material was ob- 
tained. Starch-gel electrophoresis revealed the presence of five 
components which, when compared with samples described in 
the previous paper (5), were found to have identical mobilities 
as components a to e, inclusive. Areas corresponding to the five 
stained areas in the guide strip were assayed and the results in- 
dicated the biological activity to reside primarily in the stained 
areas, With apparently some smearing of active material between 
the bands. The trailing portion of the peak (3-III; 23 mg) ex- 
hibited little or no biological activity and was stained only with 
considerable difficulty. With the use of 5 to 6 times the usual 
concentration of protein for electrophoresis (e.g. 1 to 1.5 mg) 
small amounts of the components b, c, and d as well as two slower 
moving bands were detected. The starch-gel electrophoresis 
patterns (Fig. 3) also indicated the order of emergence of the ac- 
tive components from the column to be the reverse of that ob- 
tained with the anion exchanger (5) as e and d appeared to emerge 
before c and b. In a second experiment where the effluent solu- 
tion corresponding to 3-II was divided into two portions corre- 
sponding to the leading and trailing of the peak, similar results 
were observed. 

Chromatography on Carboxymethyl Cellulose—Chromatography 
on CM-cellulose of the 20 unit per mg preparations gave elution 
patterns entirely analogous to those obtained with the hydroxy] 
apatite chromatography. Once again, subfractionation of the 
active peak (corresponding to 3-II) indicated a reverse order of 
emergence of components a to f compared to the elution pattern 
obtained by rechromatography on DEAE-cellulose. Chroma- 
tography on CM-cellulose of 20 unit per mg material under con- 
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Fig. 1. Chromatography on DEAE-cellulose of beef, sheep, and 
whale thyrotropin preparations (3 to 5 U.S.P. units per mg). To 
make the results directly comparable, the optical densities of the 
whale and beef chromatograms were arbitrarily adjusted for 
differences in sample size, fraction size, and size of aliquots used 
to determine protein concentrations. The arrows to the left 
indicate the start of a gradient to 0.1 m glycine from 0.005 m gly- 
cine, pH 9.5. The gradients were applied in a volume of 250 ml. 
The arrows to the right indicate elution with 1.0 Mm Na H2PQ,. 
a, Beef material; sample size, 1.1 g; column size, 1.9 K 35 cm; 
¢, optical density based on protein determination; X, optical 
density based on hexosamine determination. 6, Sheep material; 
sample size, 400 mg; column size, 1.9 K 20 cm; « e, optical 
density based on protein determination. c, Whale material; 
sample size, 60 mg; column size, 1.9 X 20 cm; « ¢, optical den- 
sity based on protein determination. Shaded areas indicate ac- 
tive fractions whose starch-gel patterns are shown in Fig. 2. 
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Fig. 2. Tracings of starch-gel electrophoresis patterns of active 
thyrotropin fractions obtained by chromatography on DEAE- 
cellulose. Glycine buffer, pH 9.5, ionic strength 0.004. 
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Fic. 3. Lower: Chromatography on hydroxyl apatite at pH 6.8 
of a beef thyrotropin preparation (20 U.S.P. units per mg). Sam- 
ple size, 200 mg; column size, 1.9 X 25cm. The sample was dis- 
solved in 10 ml 0.01 m phosphate buffer, pH 6.8, and dialyzed 
against 500 ml of the same buffer for 20 hours. The gradient to 
0.1 Mm NaCl was applied in a volume of 250 ml. Fractions of 5 ml 
were collected and aliquots of 0.2 ml used for determination of 
protein concentration. Upper: Tracings of starch-gel electro- 
phoresis patterns of fractions obtained by the chromatography; 
glycine buffer, pH 9.5, ionic strength 0.004. The number of lines 
in each band indicates the relative intensity of staining. Samples 
of equal size (0.2 mg) from each fraction were used for electro- 
phoresis. The appearance of bands in certain fractions although 
no corresponding band can be seen in the starting material is due 
to the enrichment of components by chromatography. 


ditions in which the gradient to 0.1 m NaCl was applied more 
gradually showed even more clearly the stepwise elution of the 
bands. The chromatogram and starch-gel electrophoresis pat- 
terns of the fractions are shown in Fig. 4. Fraction 4-I1 con- 
sisted entirely of components e and f, Fraction 4-III of d and e, 
Fraction 4-IV of c and d, and Fraction 4-V of components b and 
c. The most anionic components thus appear to be eluted first 
from the cation exchanger, and the most cationic first from the 
anion exchanger. 

Carbohydrate Content—Qualitative and quantitative determi- 
nations of the carbohydrates present were carried out on the frac- 
tions obtained by chromatography on hydroxy] apatite and also 
on the fractions from the DEAE-cellulose chromatography. The 
nonamino sugars were identified both by paper chromatography 
and paper electrophoresis experiments. The predominant spot 
from the samples gave the color reaction of a hexose with aniline 
hydrogen phthalate. After comparison of the Rp values and the 
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Fic. 4. Lower: Chromatography on carboxymethyl cellulose at 
pH 6.3 of a beef thyrotropin preparation (20 U.S.P. units per mg) 
previously chromatographed on DEAE-cellulose and hydroxyl 
apatite. Sample size, 11.5 mg; column size, 0.9 X 28cm. Frac- 
tions of 1.1 ml were collected and aliquots of 0.5 ml used for deter- 
mination of protein concentration. The arrow on the left indi- 
cates the start of a gradient to 0.1 m NaCl applied in a volume of 
100 ml. The arrow on the right indicates a change to 0.5 m NaCl. 
Upper: Tracings of starch-gel electrophoresis patterns of fractions 
obtained by the chromatography; glycine buffer, pH 9.5, ionic 
strength 0.004. The number of lines in each band indicates the 
relative intensity of staining. 


TABLE I 
Carbohydrate composition of beef thyrotropin preparations* 


Fraction Nonamino sugars) Glucosamine Galactosamine 
% % % 
5 unit per mg material 3.9 5.1 1.9 
(15) 
la-VI 2.4 4.4 2.1 
3-II 3.4 3.1 1.4 


* The values are not corrected for moisture content. 


electrophoretic mobilities of the unknown spot with known sug- 
ars, the hexose was identified as mannose. A small amount of 
fucose and an unidentified spot with an Rp intermediate between 
those of glucosamine and galactose were also observed on the 
paper chromatograms. Spots corresponding to the above com- 
ponents were found in all fractions obtained by anion exchange 
chromatography, but in varying proportions, and in Fraction 
1-II, the material prepared by chromatography on hydroxyl 
apatite and which contains only the active components, a to e. 
In contrast, Fractions 3-I and 3-I1I, also obtained from hydroxy] 
apatite chromatography and inactive, contained no fucose but, 
in addition to the mannose and unidentified spot, a pentose which 
has an Rp similar to that of xylose. Mannose and fucose were 
also found in a sample prepared by DEAE-cellulose chroma- 
tography (5) containing chiefly 6 and c, with traces of h, 7, and j. 

All of the fractions investigated were shown to contain two 
amino sugars in the ratios of approximately 1, 2, or 3 to 1 as 
determined by chromatography on Dowex 50. These sugars 
were identified as glucosamine and galactosamine, respectively, 
on the basis of a comparison of their position of emergence from 
the Dowex columns with those of known samples of glucosamine 
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and galactosamine.‘ The two hexosamines were also obtained 
during the amino acid analysis of thyrotropin fractions each con- 
taining only a single component (bands 6 or c) (5). The hexos- 
amine content of the two components appeared to be the same. 

Sialic acid determinations were carried out on Fraction 3-]] 
and on a fraction from DEAE-cellulose chromatography contain- 
ing chiefly components b and c with traces of h, 1, and 7. No 
sialic acid was found. The limits of the analysis would have al- 
lowed detection of amounts in excess of 1 per cent. 

Table I shows a comparison of the nonamino sugar and hexos- 
amine contents of 5 unit per mg material, 20 unit per mg material 
after DEAE-cellulose chromatography (Fraction la-VI), and the 
active material from hydroxyl apatite chromatography (Frac- 
tion 3-II). The total carbohydrate content of the latter fraction 
is approximately 7.9%. The nonamino sugar content of other 
fractions ranges from about 1.9 to 3.5% and the hexosamine from 
0.8 to 8.6%. 

Comparisons of Beef, Sheep, and Whale Thyrotropins—Fig. 1 
shows the chromatography on DEAE-cellulose of sheep and 
whale thyrotropin concentrates of about 5 units per mg in com- 
parison to that of beef. With sheep material, chromatography of 
400 mg of concentrate yielded Fractions 1b-I (15 mg), 1b-II 
(182 mg), and 1b-III (37 mg), which were found to be inactive. 
Fraction 1b-IV (23 mg) assayed 10 U.S.P. units per mg, and 
Fraction 1b-V (21 mg), 3 U.S.P. units per mg. 

The starch-gel electrophoresis pattern at pH 9.5 of Fraction 
1b-IV is shown in Fig. 2. Several components were observed 
apparently overlapped by a heavier staining component which 
was clearly separated from the active material in experiments at 
pH 5.0. Assay of areas cut from the gels showed at least four 
active components to be present, those with electrophoretic mo- 
bilities similar to but not identical with the active beef compo- 
nents. With whale material, 901 g of pituitaries yielded 1.9 g of 
material assaying 0.4 U.S.P. unit per mg after the initial extrac- 
tions and precipitations (2). After extraction with n-butanol 
and p-toluenesulfonic acid 60 mg of concentrate assaying 3 to 5 
U.S.P. units per mg were obtained. When chromatographed 
on DEAE-cellulose, a pattern similar to that of beef and sheep 
thyrotropin was obtained (Fig. 1c). Fractions 1c-I (12.2 mg), 
le-II (7.9 mg), and 1c-III (7.7 mg) were biologically inactive. 
Fraction 1c-IV (6.2 mg) assayed 20 U.S.P. units per mg. The 
electrophoretic pattern of the active fraction is shown in Fig. 2. 
Although the whale thyrotropin preparation stained much less 
intensely than either the beef or sheep material several bands 
were observed in the same region corresponding to the location 

of the active components of the other species. Bioassay of areas 
cut from the gel showed biological activity to be in these com- 
ponents of the whale preparation. 

In spite of some inactive components remaining in the prepara- 
tions from each of the three species after one chromatography on 
DEAE-cellulose, a comparison of the molecular size of the active 
materials can be made by measurement of the passage or non- 
passage of biological activity through electrodialysis membranes 
(8). A comparison of molecular size is of particular interest in 


4 The galactosamine was kindly furnished by Dr. F. H. Carpen- 
ter. In view of the fact that mannosamine has been recently 
isolated from a naturally occurring source (34), the possibility 
that amino sugars other than those reported herein may be present 
should be considered in that the identification of glucosamine and 
galactosamine was based on chromatographic behavior alone. 
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view of the marked differences between some growth hormones 
(35). The results of electrodialysis of the three preparations 
through nontreated 20/32 Visking membranes and through mem- 
branes made more permeable by treatment with ZnCl: solution 
showed that the whale and sheep preparations behaved in an 
analogous fashion to the beef material (8) with stainable protein 
and a large proportion of the biological activity placed on the gels 
passing through the treated membrane and none through the less 
permeable, nontreated, membranes. The bands representing 
the sheep thyrotropins were retarded slightly less than the beef 
thyrotropin while passing through the treated membranes.* In 
all experiments, prolactin, whose molecular weight has been re- 
ported as 24,200 (37), was used as a control. 


DISCUSSION 


Although a chemical synthesis is the only final proof of the iso- 
lation and chemical nature of a biologically active substance, the 
results of the chromatography on hydroxy] apatite and on CM- 
cellulose together with the results of the preceding paper (5) af- 
ford strong evidence that components a to f are beef thyrotropins 
which differ only slightly from each other. The interesting fact 
that the components emerge from columns of a cation exchanger, 
CM-cellulose, in exactly the reverse order as from the anion ex- 
changer, DEAE-cellulose, (5) gives support to the hypothesis 
that the components differ mainly with respect to charge. The 
similar results obtained by chromatography with hydroxy] .apa- 
tite indicate that this substance was also acting primarily as a 
cation exchanger. Although the components may have been 
produced during the purification procedure before or during the 
initial chromatography, the absence of interconversion of one to 
another during the further chromatography reported herein is in 
contrast to results observed with growth hormone (10) and corti- 
cotropin (38) where interconversions during chromatography 
were observed. 

It is interesting to note that all the fractions, both active and 
inactive, contain glucosamine and galactosamine. Galactos- 
amine has not previously been reported in pituitary hormone 


preparations although both hexosamines have been found in the 


blood group substances (39) and other mucoproteins (27, 40). 
Assuming a molecular weight of 28,000 for thyrotropin, there 
would be 5 to 6 residues of glucosamine and 2 to 3 of galactos- 
amine per molecule of the hormone. In addition, there would be 
6 residues of the nonamino sugars, mannose and fucose, with 
mannose predominating. The detection of both glucosamine 
and galactosamine in the hydrolysate of thyrotropin 6 and in that 
from thyrotropin c (5) shows that these components do not differ 


’ The starch-gel electrophoresis patterns of several other avail- 
able pituitary hormone preparations were compared to those of 
the thyrotropins. A growth hormone preparation was resolved 
into four components whose mobilities placed them in the same 
areas occupied by the thyrotropins at pH 9.5 and pH 5.0. The 
three components of prolactin (8, 36) and the follicle-stimulating 
hormone preparation (showing one major and one minor compo- 
nent) moved with a greater mobility toward the anode at pH 9.5 
than did the thyrotropins. The interstitial cell-stimulating hor- 
mone preparation moved in the opposite direction to the above 
at pH 9.5 (four components were observed). The growth hormone 


and prolactin were a gift of the Endocrinology Study Section, 
National Institutes of Health. The follicle-stimulating and inter- 
stitial cell-stimulating hormones were kindly supplied by Dr. 
Stanley Ellis. 
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because of the presence of different amino sugars. Each com- 
ponent contains the two hexosamines in similar ratios. 

Because of the limited amounts of material available for study, — 
purification of sheep and whale thyrotropins has not been carried | 
out as far as with the beef thyrotropins. The thyrotropic ac- 
tivity from all three species behaved similarly during initial ex- 
tractions and precipitations, during precipitation at the inter- 
phase of the n-butanol!p-toluenesulfonic acid system and during 
chromatography on DEAE-cellulose. The specific activities of 
the three preparations were similar at comparable stages of puri- 
fication. After the anion exchange chromatography, the beef 
and whale thyrotropin concentrates assayed about 20 units per 
mg (the beef somewhat higher than the whale) and the sheep, 10 
units per mg. Ellis (41) has obtained sheep thyrotropin by cat- 
ion exchange chromatography which assayed 13.5 units per mg. 
Heideman et al. (42) have recently reported that human thyro- 
tropin behaves similarly to beef during cation exchange chroma- 
tography. | 

The multiplicity of active components observed by starch-gel 
electrophoresis of beef thyrotropin preparations is also apparent 
upon electrophoresis of the sheep and whale thyrotropin concen- 
trates. Inasmuch as the sheep and whale thyrotropins have not 
been purified to the same degree as beef thyrotropin, it is not pos- 
sible at this time to give letter designations (e.g. thyrotropin a) 
to the active components of these species as has been done with 
the latter (5). Although the electrophoretic bands of the sheep 
thyrotropin have the same relative mobilities as those of the beef, 
upon close inspection it was seen that they do not exactly coincide 
and a species difference may be indicated. The same observa- 
tion appears to hold in the case of the whale thyrotropins al- 
though the weak staining characteristics of the material hamp- 
ered interpretation of the electrophoretic patterns. 

Although inactive material was present in the sheep and whale 
preparations, the electrodialysis technique allowed an approxima- 
tion of the molecular size of the active constituents to be made 
by measurement of the passage or non-passage of the biological 
activity through the membranes. The results indicate that all 
three species contain thyrotropins of about the same molecular 
weight, 26,000 to 30,000, assuming that no great differences in 
the shape of the molecules exist. However, as the active bands 
of the sheep thyrotropin were retarded less during passage 
through the permeable membranes than the beef or whale, it is 
possible that the molecular weight of sheep thyrotropin may be 
slightly smaller than the others. An alternate explanation is 
that the steric configuration of the sheep thyrotropin molecule 
is such as to permit easier passage through the pores of the mem- 
branes. 


SUMMARY 


Beef thyrotropin prepared by diethylaminoethyl cellulose 
chromatography has been further chromatographed on hydroxy] 
apatite and carboxymethy! cellulose. The biological activity 
was found in the same components as after anion exchange chro- 
matography and improved separation of the active components 
from inactive material was obtained. The active components 
emerge from the cation exchange columns in the reverse order 
from that obtained by chromatography on an anion exchanger. 
The carbohydrate content of the active and inactive fractions 
obtained from both ion exchange systems has been examined. 
Material containing only the biologically active components has 
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been shown to contain glucosamine, galactosamine, mannose, 
fucose, and perhaps another, as yet unidentified, carbohydrate. 
Preparations of beef, sheep, and whale thyrotropin were com- 
pared. The hormones from the three species behaved identically 
during chromatography on diethylaminoethy] cellulose and ap- 
pear to be of approximately the same molecular size (26,000 to 


30,000). Small differences in electrophoretic mobilities were ob- 
served. 
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Ultraviolet difference spectrophotometry is now being used to 
determine pK values and to study intramolecular interactions 
of ionizable groups in amino acids, peptides, and proteins. 
Since additional information can be obtained from the enthalpy 
changes due to these interactions, an investigation of the tem- 
perature dependence of the difference spectrum is of interest. 
Tryptophan has been selected as a model compound since its 
ultraviolet absorption spectrum is markedly affected by the 
changes of charge produced by the dissociation of protons. A 
change in optical density of about 30% is observed near 295 my 
upon ionization of the a-amino group and a change of about 
10% upon ionization of the a-carboxy] group (1). 


EXPERIMENTAL PROCEDURE 


Materials—The t-tryptophan was obtained from Nutritional 
Biochemicals Corporation, and glycine (Lot No. 3245) from 
Mann Laboratories. All inorganic materials were reagent grade. 

Spectral Measurements—The tryptophan concentration was 
3.05 < 10-4 m and the solutions were 0.1 M in KCl (correspond- 
ingly, 0.1 m in KOH or HCI for the high and low pH solutions, 
respectively). At intermediate pH values, 0.01 m glycine buffers 
(0.1 mM in KCl) were used except at pH 6.3 where 0.01 M potas- 
sium phosphate was substituted. 

A Beckman model DU spectrophotometer equipped with a 
photomultiplier attachment and thermospacers was used for 
spectral measurements at three temperatures,! 1.5° + 0.3°, 
24.5° + 0.1° and 43.7° + 0.3°. Glass-stoppered 1-cm silica cells 
were used for the solutions. The slit width never exceeded 0.3 
mm. The pH 6.3 solution was used as the reference of zero 
optical density. 

The pH values were measured on the A scale of a Beckman 
GS pH-meter using a Beckman 290-32 glass electrode and a 
3.15 w KCl calomel electrode with an asbestos fiber junction. 
Beckman pH 7 buffer and 0.05 m KH phthalate and 0.01 m 
borate, prepared according to Bates (2), were used as pH stand- 
ards. 

Titrations—Direct titrations were carried out at! 25.0° + 0.1° 
and 44.5° + 0.2° with a Radiometer Titrimeter and Titrigraph 
using procedures previously described (3). The solutions were 
1.51  10-? m in tryptophan and/or 0.1 M in KCl. <A volume 
of 10 ml was titrated with 0.8 m KOH. 


* Presented before the Division of Biological Chemistry at the 
134th meeting of the American Chemical Society, Chicago, Illinois, 
September, 1958. This investigation was supported by research 
grant No. E-1473 from the National Institute of Allergy and In- 
fectious Diseases, of the National Institutes of Health, United 
States Public Health Service, and by research grant No. G-6461 
from the National Science Foundation. 

‘These are indicated in the figures as 2°, 25°, and 44°, respec- 
tively. 
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RESULTS AND DISCUSSION 


Although difference spectra may have a variety of causes, 
those presented here are due to the differences in the ultraviolet 
absorption spectra of conjugate acids and bases. Thus, they are 
observed when the optical density of one solution is measured 
against another of equal concentration, but of different pH. If 
the spectra of the acidic and basic forms are each independent 
of pH then the equation 


which describes the ionization of the solute as a function of pH 
(x being the fraction of the solute present in the form of the 
conjugate base), can be rewritten as 


pH — log = pK (2) 


AD max AD 


at constant wave length. Here, AD is the value of the optical 
density of one solution measured with respect to another at 


lower pH (where z ~ 0), and ADyax is the value of AD for a 


solution at a high pH (where x ~ 1). The measurement of 
AD at a number of conveniently chosen values of pH will give 
a titration curve from which the apparent pK can be deter- 
mined from the pH at which AD = AD,.x/2. The pK values 
at several temperatures can be used to compute the value of 
AH, the heat of ionization, by means of the equation 


an 


1 (3) 


In the experiments reported here the reference tryptophan solu- 
tion was at a pH of approximately 6 for both the carboxy! and 
amino ionizations. Therefore, measurements at lower and 
higher pH values permit the determination of separate titration 
curves for the a-carboxyl and @-amino groups, respectively. In 
the case of tryptophan the shape (at any degree of ionization) 
and the absorption coefficient (at complete ionization) of the 
difference spectrum are essentially independent of temperature 
between 0° and 45°. However, even if (as in other cases) the 
shape of the difference spectrum changes with temperature, 
values of AH may still be obtained as long as correct pK values 
can be obtained from a plot of AD versus pH. In a case where 
the shape is temperature dependent, AH cannot be obtained 
simply from the variation of AD with temperature. 

Fig. 1 shows the difference spectra for the two dissociations 


R 
| (4) 
HOOC-CH-NH;* ~OOC-CH-NH;* + Ht 
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and 


R R 
(5) 
-OOC-CH-NH;+ = -OOC-CH-NH: + H+ 


Here, R represents the side chain of tryptophan. The pH 
dependence of AD for the amino group at 25° is shown in Fig. 


0.3 


0.2 


AD 


-02 


d (mz) 


Fic. 1. Difference spectra of tryptophan solutions (3.05 X 10-4 
M) at the temperatures indicated. The negative portions of the 
curves were obtained as positive optical density readings by 
reading the reference solution against the sample solution. The 
data were obtained at intervals of 1 my near the peaks, and 5 
my elsewhere. The pH 1 versus pH 6 and pH 13 versus pH 6 data 
refer to the carboxyl and amino group ionizations, respectively. 
The reference pH is approximately 6. 
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2. The values of ADoo3/(ADz3) max from Fig. 2 are plotted as — 


a function of pH in Fig. 3, together with corresponding data 
at other temperatures. The computed pK values are plotted 
against 1/7 in the inset in Fig. 3. From the slope of the 
straight line, the AH for the ionization of the amino group is 
10.5 + 1 kcal per mole. 

Fig. 4 shows corresponding data for the carboxyl group, the 
maximum in the difference spectrum also being near 293 my for 
this ionization. Within the experimental error of +1 kcal per 
mole in AH, there is no temperature dependence; therefore, 
AH ~ 0 for the ionization of the carboxyl group. The results 
are summarized in Table I. 

The pK values for the amino group at 25° and 44° were 
checked by direct titration and found to differ by only 0.01 
unit in pK, which is within the experimental error of +0.02. 


pH I3 


d (mu) 

Fic. 2. Difference spectra for the ionization of the amino group 
of tryptophan at 25°. Solutions (3.05 X 10-4 m) at the indicated 
pH values were measured at 1-my intervals against the reference 
solution (pH ~ 6). 
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Fic. 3. Titration curves of the amino group of tryptophan at 
the temperatures indicated. The open symbols represent spectro- 
photometric data (a = ADos3/(ADe293) max) and the closed symbols 
direct titration data (a = (OH~)s4¢/(OH~44) max). The curves are 


pH 


theoretical ones for the pK values indicated by the vertical strokes 
and are drawn to fit the spectral data. The pK values are plotted 
against 1/7’'intheinset. The reference pH values for the spectro- 
photometric titrations are approximately 6. 
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This agreement between the two methods also provides a check 
on AH. The pK values for both groups at 25° (at essentially 
0.1 ionic strength) may be compared to values reported in the 


D295 
(60293) mox 


Fic. 4. Spectrophotometrically determined titration curves of 
the carboxyl group of tryptophan at the temperatures and wave- 
length indicated. The curve is a theoretical one for the pK indi- 
cated by the vertical stroke. The reference pH’s are approxi- 
mately 6. 


TABLE I 
pK and AH values for ionizable groups in tryptophan* 
ae pKt | 
Group AHt 
25° 44° 
kcal/mole 

COOH 2.46 2.46 2.46 0 
NH,t 10.00 9.41 8.89 10.5 
NH:;* 9.40 8.90 10.5 


* The data in the first two lines were obtained from spectro- 
photometric measurements, and those in the last line by direct 
titrations. 

+ The error in pK is +0.02, and in AH is +1 kcal per mole. 
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literature (4), viz. pK, = 2.34 and pK: = 9.39 (no added salt). 
To our knowledge, no literature data are available for the AH 
values of tryptophan. 

The data reported here show that the temperature dependence 
of difference spectra may be used to obtain enthalpies of ioniza- 
tion. This procedure has been applied to the hydroxybenzoic 
acids and several of their derivatives and also to proteins, and 
will be reported shortly.” 


SUMMARY 


The spectral changes produced by ionization of the amino 
and carboxyl groups of tryptophan have been investigated at 
three temperatures with the method of ultraviolet difference 
spectrophotometry. Although AH values of ionization may not 
be obtainable from the temperature dependence of AD (at the 
wavelength corresponding to the peak in the difference spec- 
trum at a particular temperature), the enthalpy changes may still 
be computed by determining the pK values from a plot of AD 
versus pH at each temperature. Thus, the apparent pK and 
AH values for the ionizable groups of tryptophan were obtained. 
The pK and AH values have also been determined by direct 
titration and found to agree with the spectrophotometrically 
determined quantities. 
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The catalytic effect of imidazole on the hydrolysis of p-nitro- 
phenyl-acetate has been studied extensively by several investi- 
gators (1-3). Bender and Turnquest (3) have demonstrated the 
formation of N-acetylimidazole as a transient intermediate in the 
- hydrolytic reaction. Dixon and Neurath (4) have indicated 
that a N-acetylimidazole (histidyl) derivative was detectable 
upon deacetylation of acetyl chymotrypsin at pH 9. The re- 
action of N-acetylimidazole with water, oxygen anions, thiols, 
and amines was studied in detail by Jencks and Carriuolo (5). 

In 1953, Stadtman and White (6) reported that the synthesis 
of N-acetylimidazole from acetyl phosphate was catalyzed by 
extracts of Clostridium kluyveri. Since CoA and phosphotrans- 
acetylase significantly accelerated the rate of N-acetylimidazole 
formation, it was postulated that the immediate acetyl donor to 
imidazole was acetyl-CoA in a reaction catalyzed by the enzyme, 
imidazole acetylase: 


O 
CH,C—SCok + | 


od | + CoASH 
: 
CH; 


Direct demonstration of imidazole acetylation by acetyl-CoA 
was not possible because of the unfavorable equilibrium position 
of Reaction 1. Subsequent investigation has shown that the 
free energy of hydrolysis of N-acetylimidazole is approximately 
13,000 calories; 5,400 calories greater than the corresponding 
value for acetyl-CoA (7). 

The large free energy of hydrolysis for N-acetylimidazole sug- 
gested that some naturally occurring imidazole derivative (co- 
enzyme or protein) might function as an acyl group carrier (6). 
Development of an assay system and purification of imidazole 
acetylase was therefore undertaken with the hope that studies 
with the partially purified enzyme might offer some clue to its 
physiological role. 


EXPERIMENTAL 
Materials and Methods 


Chemicals—The following chemicals were obtained from com- 
mercial sources: CoA, FAD, acetyl phosphate, 4-amino-5-carbox- 
amide-imidazole (Sigma); ergothioneine, carnosine, L-histidine, 
urocanic acid (California Foundation); triethanolamine, his- 
tamine, imidazole (Eastman); L-tryptophan, L-serine (Nutri- 
tional Biochemicals); diethylaminoethanethiol-HC] (Evans 


Chemetics, Inc.). Histidinol was kindly provided by Dr. H. T. 


Graham. 
Propiony] phosphate was synthesized by the method of 


Avison (8). The S-acetyl thiol ester of diethylaminoethanethiol 
was synthesized with acetic anhydride by modification of the re- 
action used for succinyl-CoA preparation (9). 

Extract Preparation—Dried cell preparations of C. kluyveri 
were obtained by the method of Stadtman and Barker (10). 
Crude extracts were prepared by treatment of a mixture of 1 g 
of dried cells in 15 ml of potassium phosphate buffer, 0.05 mM, pH 
7.4, containing 10-* m Versene (ethylenediaminetetraacetate) 
for 10 minutes in a Raytheon 10 ke. sonic oscillator. The sus- 
pension was centrifuged for 20 minutes at 12,000 x g and the 
precipitate discarded. The supernatant solution was used for 
purification of imidazole acetylase and also for the isolation of 
phosphotransacetylase by the method previously described (11). 

Actiwity Determination—N-Acetylimidazole exhibits strong 
absorbance at 245 my (7). <A spectrophotometric assay is not 
feasible, however, for several reasons: (a) crude extracts absorb 
markedly in this region of the spectrum and (b) increase in 
extinction at 245 my does not reflect the true rate of N-acetyl- 
imidazole production but a difference in the rate of formation 
and decomposition by reaction with water and other acceptors. 
The latter is significant in extracts containing appreciable quan- 
tities of free amino acids, mercaptans, and phosphate, and re- 
producible results could not always be obtained. 

Imidazole acetylase was consequently assayed by modification 
of the procedure used for thioltransacetylase determination (12) 
by coupling the following sequence of reactions: 


O O 
CH;C—OPO;7 + CoA—SH = CH;C—S—CoA + HPO," 
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H (3) 
CH; 


N 
=O 
H; 


+ (C2H;)2NCH2CH2SH 


(4) 


| 


N 

H 


O 
+- 


Vom 


O 
cH,—C—oPo,- + (C2H;)2NCH:CH2SH 


(5) 


O 
HPO," + 


‘ 
J 
t 

(1) m 

ac 

S 

P 

et 

of 

fo 

fo 

to 

en 

th 

M 

im 

pr 

cr 

sul 
for 

wil 

thi 

to 
| 
1 

94 


ol 


5) 


January 1960 


Reaction 2 is catalyzed by phosphotransacetylase and Reaction 4 
is the nonenzymatic transfer of acetyl from N-acetylimidazole to 
diethylaminoethanethiol. This reaction is extremely rapid and 
as shown previously will occur in preference to hydrolysis of 
N-acetylimidazole (5, 7). DSH! was chosen as acceptor because 
substitution on the amino group prevents migration of acetyl 
or formation of a thiazoline ring, or both (6, 13). Thiol esters 
are significantly more stable to acid hydrolysis than acetyl phos- 
phate. Fig. 1 shows that, although DSA is partially destroyed 
at 100° at pH 7.6, after 5 minutes of heating at pH 4.3 nearly 
95% of the thiol ester can be recovered. Under similar condi- 
tions acetyl phosphate is completely decomposed. Imidazole 
acetylase was therefore measured by determining the effect of 
imidazole and enzyme on the production of heat stable hydrox- 
amate-forming material (Equation 5). | 

The standard assay mixture contained: 100 umoles of tri- 
ethanolamine - HC! buffer, pH 7.6; 100 uwmoles of imidazole - HCl, 
pH 7.6; 50 umoles of potassium chloride, 10 wmoles of DSH; 50 
mumoles of CoA; 20 units of phosphotransacetylase (when 
necessary); 1 to 3 units of imidazole acetylase (see below); and 
20 upmoles of acetyl phosphate; final volume, 1.0 ml. The acetyl 
phosphate was added last to begin the reaction and the tubes 
incubated at room temperature (20-24°) for 15 minutes. At 
the end of this time interval 0.5 ml of 1 M sodium acetate, pH 
4.3, was added and the tubes immediately placed in a boiling 
water bath for 5 minutes. The tubes were then cooled, 0.5 ml 
of water added, and assayed for thiol ester by the hydroxamate 
procedure of Lipmann and Tuttle (14). A unit of imidazole 
acetvlase is defined as the amount of enzyme required to produce 
1 pmole of thiol ester under these conditions. 

Phosphotransacetylase was assayed by the method of Stadt- 
man (11). 

Miscellaneous—CoA was determined by the arsenolysis of 
acetyl phosphate catalyzed by phosphotransacetylase (15). 
Sulfhvdryl was measured by the procedure of Grunert and 
Phillips (16). Protein was estimated by the method of Lowry 
et al. (17). 


RESULTS 


General Characteristics of Reaction—Fic. 2A shows the effect 
of increasing imidazole concentration on the rate of thiol ester 
formation. In the absence of extract there is also an appreciable 
formation of DSA in a reaction which is first order with respect 
to imidazole concentration. The effect of imidazole on the 
enzymatic reaction is shown by the difference Curve 3. Al- 
though the data do not permit accurate determination of the 
Michaelis constant, it is evident that the concentration of 
imidazole required for half-maximal activity is quite high (ap- 
proximately 4 X Mm). 

The effect of sulfhydryl acceptor concentration is shown in 
Fig. 2B. In the absence of imidazole, DSA is also formed by 
crude extracts. Preliminary experiments have shown that this 
may be due to the presence of thioltransacetylase (12). The low 
sulfhydryl concentration needed to “trap” the enzymatically 
formed N-acetylimidazole supports the view that this compound 
will react preferentially with strong nucleophilic groups such as 
thiols rather than water. Some of the added DSH also serves 
to maintain coenzyme A in the reduced form. 

Fic. 3A shows the effect of increasing acetyl phosphate con- 


1The abbreviations used are: DSH, diethylaminoethanethiol; 
DSA, S-acetyl-diethylaminoethanethiol. 
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Fic. 1. Relative stability of acetyl phosphate and S-acetyl- 
diethylaminoethanethiol (Ac-SD). Approximately 4 umoles of 
each compound were heated at 100° for varying time periods under 
the conditions indicated and then assayed for hydroxamate forma- 
tion. 
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Fic. 2A. Effect of imidazole concentration on thiol ester forma- 
tion. Imidazole; acetylase activity of crude extract (0.1 ml) de- 
termined by the standard assay procedure except that the con- 
centration of imidazole was varied as indicated. Tubes without 
extract contained water instead. B. Effect of DSH concentration 
on thiol ester formation. Imidazole acetylase activity of crude 
extract (0.1 ml) determined by the standard assay procedure ex- 
cept that the concentration of DSH was varied as indicated. 
Tubes without imidazole contained water instead. 


centration. When extract is omitted thiol ester is also formed 
in a reaction that is first order with respect to acetyl phosphate 
concentration. The effect of acetyl phosphate concentration on 
the enzymatic reaction is shown by the difference curve (+ex- 
tract —extract) in Fig. 3B. Similar experiments with propionyl- 
phosphate suggest that N-propionylimidazole is also formed by 
the enzyme and Fig. 3B indicates that the rates with acetyl and 
propionyl-phosphate are identical. Formation of N-propiony]- 
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Fic. 3A. Effect of acetyl phosphate concentration on thiol 
ester formation. Imidazole acetylase activity of crude extract 
(0.1 ml) determined by the standard assay procedure except that 
the concentration of acetyl-phosphate was varied as indicated. 
Tubes without extract contained water instead. B. Effect of 
acetyl and propionyl phosphate on the enzymatic formation of 
thiolester. The data of Fig. 3A have been recalculated to correct 
for the nonenzymatic thiol ester formation. Similar treatment 
applied to data obtained with propionyl phosphate (substituted 
for acetyl phosphate) in the same experiment. 
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Fic. 4A. Effect of incubation time on thiol ester formation. 
Imidazole acetylase activity of crude extract (0.1 ml) determined 
by the standard assay procedure except that the incubation period 
was varied as indicated. Results were corrected for the small 
amount of hydroxamate-forming material present at zero time. 
B. Effect of protein concentration on thiol ester formation. Imid- 
azole acetylase activity of crude extract determined by the stand- 
ard assay procedure except that varying amounts of protein were 
added as indicated. 


imidazole is directly demonstrable using purified preparations of 
imidazole acetylase and observing an increase in absorption at 
245 my upon the addition of propionyl-phosphate to a solution 
containing imidazole acetylase, phosphotransacetylase, CoA, and 
imidazole. 

Under standard conditions of assay the formation of DSA is 
essentially linear with time for 15 minutes (Fig. 4A). As shown 
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in Fig. 4B this assay permits accurate determination of imidazole 
acetylase and has been used for subsequent purification. 

Purification of Imidazole Acetylase—Except where noted all 
operations were carried out at 2° and centrifugations were per- 
formed in a Servall model SS1, for 20 minutes at 12,000 x g. 

To 44 ml of sonically dispersed material (Fraction I), 0.5 
volume of 2% protamine sulfate was added. The mixture was 
centrifuged after standing for 15 minutes with occasional stirring 
and the precipitate discarded. The supernatant solution (Frac- 
tion II) was placed in a water bath maintained at 55° and stirred 
continually for 10 minutes. It was then rapidly cooled and 
centrifuged. The supernatant solution (Fraction III) was frac- 
tionated with cold (—10°) ethanol to yield precipitates insoluble 
between the limits of 40 to 50 (Fraction IV) and 50 to 60 (Frac- 
tion V) per cent saturation. These precipitates were resus- 
pended in 10 ml of 0.05 m potassium phosphate buffer, pH 7.4; 
any insoluble material was removed by centrifugation. 

Results of this purification protocol are shown in Table I. 
The over-all purification of imidazole acetylase is 25-fold with 
68% recovery of activity. Phosphotransacetylase activity was 
present in all fractions and it was not necessary to add this en- 
zyme during routine assay. Phosphotransacetylase alone does 
not catalyze the acetylation of imidazole since Fraction V, repre- 
senting a 9-fold purification of this enzyme, is devoid of imidazole 
acetylase activity. The requirement for phosphotransacetylase 
can be demonstrated by differential heat inactivation (7). When 
Fraction IV is heated at 55° for 15 minutes and then assayed, no 
acetylation of imidazole is obtained unless phosphotransacetylase 
is added (Fig. 5A). When Fraction IV is heated at 100° for 2 
minutes, N-acetylimidazole is not formed even in the presence 
of phosphotransacetylase indicating destruction of imidazole 
acetylase at the higher temperature. 

Purified preparations of imidazole acetylase are completely 
inactive in the absence of CoA. The data of Fig. 5B show that 
the maximal rate is obtained at a concentration of 5 K 10-5 m 
(half maximal activation at 2 xX 10-5). This concentration of 
CoA is far below that necessary to saturate phosphotrans- 
acetylase (11) and suggests a high affinity of imidazole acetylase 
for acetyl-CoA. This conclusion is further supported by the 
low phosphotransacetylase activity required for saturation (as 
indicated in Fig. 5A). 

Distribution of Enzyme and Substrate Specificity—Extracts from 
various sources were prepared by several techniques (acetone 
powder, alumina grinding, homogenization, sonical dispersion) 
and examined for imidazole acetylase by the standard assay pro- 
cedure.2 Activity could not be detected in Escherichia coli, 
Staphylococcus aureus, Clostridium propionicum, Clostridium 
butylicum, Clostridium welchii, yeast, Neurospora crassa, pigeon 
heart, pigeon liver, rabbit skeletal muscle, rat liver, and spinach. 
These extracts did not inhibit imidazole acetylase isolated from 
Only Clostridium sticklandii possessed any ac- 
tivity but this was less than one-twentieth of the amount nor- 
mally present in C. kluyvert. 

Various naturally occurring derivatives of imidazole were 
tested for their ability to replace this compound. These included 
histidine, histamine, histidinol, urocanic acid, carnosine, ergo- 
thioneine, and 4-amino-5-carboxamide-imidazole. All failed to 


2 Since most of these extracts do not contain phosphotrans- 
acetylase, activity was determined in the presence of low con- 
centrations of crude C. kluyveri extract. 
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TABLE I 
Purification of imidazole acetylase 
IA* PTA* 
Specific Specific activity 
Total units activity Recovery | Total units activity Recovery (PTA) 
ml még % % 
I. Sonical dispersion 44 1672 318 0.19 100 15400 9.2 100 0.021 
II. Protamine supernatant 63 1031 300 0.29 94 13000 12.6 84 0.023 
III. Heated supernatant 61 537 281 0.52 88 7360 13.7 48 0.038 
IV. Alcohol, 40-50% 10 43 216 5.02 68 1980 46.1 13 0.109 
V. Alcohol, 50-60% 10 27 0 0.00 0 2185 80.9 14 0 


* Specific activity of imidazole acetylase (IA) and phosphotransacetylase (PTA) expressed as units per mg of protein. A unit of 
PTA is defined as the amount of enzyme required to catalyze the arsenolysis of 1 umole of acetyl phosphate in 15 minutes under the 


standard conditions defined in (11). 
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Fic. 5A. Effect of phosphotransacetylase on thiol ester forma- 
tion. An aliquot of Fraction IV (see purification protocol) was 
kept at 55° for 15 minutes, or 100° for 2 minutes, centrifuged to 
remove insoluble protein, and 0.1 ml of the supernatant solution 
assayed for imidazole acetylase activity by the standard assay 
procedure. The phosphotransacetylase added was Fraction V 
(see purification protocol). B. Effect of CoA concentration on 
thiol ester formation. Of Fraction IV (see purification protocol) 
0.05 ml was assayed for imidazole acetylase activity according to 
the standard assay procedure with varying amounts of CoA added 
as indicated. 


stimulate the formation of thiol ester. Other inactive natural 
compounds with positions potentially susceptible to acetylation 
were: serine (assayed alone and in the presence of histidine), 
tryptophan, folic acid, and reduced FAD. Attempts to isolate 
any natural substrate by chromatography of a boiled cell extract 
of C. kluyvert were unsuccessful. The synthetic compounds, 
benzimidazole and N-methylimidazole, had no effect. 


DISCUSSION 


In the absence of any detailed information concerning the 
natural substrate of imidazole acetylase, it is difficult to assign a 
physiological role to this enzyme. ‘The possibility that some of 
the compounds tested may have formed stable acetyl derivatives 
which did not subsequently transfer acetyl to DSH (consequently, 
not detectable by the present assay procedure) could not be 
excluded. However, it should be noted that none of the com- 
pounds inhibited the rate of imidazole acetylation. The presence 


of appreciable activity only in extracts of Clostridium kluyveri 
suggests that imidazole acetylase might have a unique function 
in the energy metabolism of this organism. Rathlev and Rosen- 
berg have detected the presence of several reactive phospho- 


imidazole derivatives in the imidazole catalyzed hydrolysis of 
phosphoamidate (18).* Baddiley et al. have suggested that 
imidazole residues in enzymes might be the active site for trans- 
fer of nucleotide or phosphate groups in the synthesis of ATP 
(20). The possibility that imidazole acetylase catalyzes the 
acetylation (acylation) of particulate or protein bound imidazole 
groups which can then undergo exchange of acetyl (acyl) for 
phosphoryl groups must still be considered. 


Acknowledgment—This investigation was initiated while the 
author was privileged to be a United States Public Health Service 
Research Fellow in the laboratory of Dr. Earl R. Stadtman, 
National Heart Institute, Bethesda, Maryland. I am indebted 
to Dr. Stadtman and Dr. William P. Jencks, Brandeis Univer- 
sity, for many valuable discussions. 


SUMMARY 


A procedure is described for the assay of imidazole acetylase 
which catalyzes the following reaction: 


Acetyl-S-CoA + imidazole = N-acetylimidazole + CoASH 


The enzyme has been purified approximately 25-fold from ex- 
tracts of Clostridium kluyveri. Imidazole acetylase will also 
catalyze the formation of N-propionyl-imidazole. No naturally 
occurring compound tested will replace imidazole and the enzyme 
could not be detected in sources other than C. kluyveri. 
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The presence, in the juice of pineapples, of a proteolytic en- 
zyme or enzymes under the name of bromelin (2) has long been 
known, and some of the characteristics of this enzyme have been 
described (3-7). The juice of the stem of the pineapple plant 
was found by Heinicke and Gortner (8) to contain a similar en- 
zyme. The acetone precipitate from the stem juice, which is 
called stem bromelain,! is now available in quantity, and this 
was used as the starting material in the present investigation. 

The purpose of the present study was to purify and character- 
ize stem bromelain to such an extent that further investigations 
could be carried out on the structure of the enzyme and the 
mechanism of its action. Such an analysis is of particular interest 
in view of recent studies on crystalline papain (10), since simi- 
larities of the pineapple enzyme to papain have been reported by 
previous investigators (3-5). Another objective of this investiga- 
tion was to determine the possible usefulness of this enzyme for 
studies of the amino acid sequence of peptides and proteins. 


EXPERIMENTAL 


Materials 


Stem bromelain. ‘“Bromelain’” No. 10 from the Hawaiian 
Pineapple Company, Honolulu, Hawaii, was used.? The light 
brown, dry powder could be fairly readily dissolved in water or 
in 1% NaCl to make a 10% solution. 

Trypsin (lot No. T46F) was a product from Worthington Bio- 
chemical Corporation, Freehold, New Jersey. The enzyme was 
dissolved in 0.01 m HCl and dialyzed extensively in the cold 
against 0.001 mM HCl before use. 

Casein and hemoglobin were obtained from Nutritional Bio- 
chemical Corporation, Cleveland, Ohio. BAEE® and other syn- 
thetic substrates were prepared in this laboratory or purchased 


* This work was presented in part before the fiftieth annual 
meeting of the American Society of Biological Chemists, Atlantic 
City, New Jersey, April 13-17, 1959 (1) and has been supported in 
part by the National Institutes of Health, grant RG-4617. 

+t Present address, Department of Medical Chemistry, Faculty 
of Medicine, Kyoto University, Kyoto, Japan. 

1 The use of the word ‘‘bromelain’”’ was suggested by Heinicke 
(8,9) to designate any protease from any member of the Bromelia- 
ceae, because he found that a large number of varieties of Ananas 
comosus (L.), Merr., pineapple, and also various species of family 
Bromeliaceae contain appreciable quantities of proteolytic en- 
zymes. 

”: We are indebted to Dr. Ralph M. Heinicke for the supply of 
this material. 

3The abbreviations used are: BAEE, benzoyl-L-arginine ethyl 
ester; BAA, benzoyl-L-argininamide; ATEE, acetyl-L-tyrosine 
ethyl ester; CBZ, carbobenzoxy; DEAE-cellulose, diethylamino- 
ethyl cellulose; CM-cellulose, carboxymethyl cellulose; DFP, 
diisopropylphosphorofluoridate; FDB,  fluorodinitrobenzene; 
DNP, 2,4-dinitrophenyl; EDTA, ethylenediaminetetraacetate. 
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from Mann Research Laboratories, Inc. Crystalline glucagon 
lot No. 258-234B-54-2 was obtained from Eli Lilly and Company, 
Indianapolis, Indiana. <A preparation of B chain of oxidized 
insulin was prepared by the method of Sanger and Thompson 
(11) from crystalline beef insulin, T-2842, obtained from Eli Lilly 
and Company. 

Ion Exchange Resins. DEAE-cellulose was prepared in this — 
laboratory from Solka-Floc BW200 according to the method 
described by Peterson and Sober (12). CM-cellulose was pre- 
pared from Whatman standard grade, ashless cellulose according 
to Ellis and Simpson (13). Duolite CS101 resin was a product 
obtained from Bio-Rad Laboratories, Berkeley, California. Lot 
No. B413, 200 to 400 mesh, was used. 

DFP was prepared in this laboratory by Mr. E. S. Awad ac- 
cording to the method of Saunders and Stacey (14). 


Measurement of Enzymatic Activity 


Proteolytic Activity—Hydrolysis of casein was measured ac- 
cording to the method of Kunitz (15) and that of hemoglobin 
according to that of Anson (16), by use of a Beckman model DU 
spectrophotometer to determine the trichloroacetic acid soluble 
peptides at 280 mu. The nitrogen content of the enzyme solu- 
tion was determined by the Kjeldahl method. Specific activity 
was expressed as the change in absorbancy at 280 my per minute 
per mg enzyme N., 

Peptidase Activity—The activities toward BAEE, ATEE, and 
hippuryl-dl-8-phenyllactate were measured by the esterase 
method (17). The assays were carried out by autotitration with 
0.1 N NaOH in a “pH-stat” (18, 19), manufactured by Inter- 
national Instrument Company. The assembly was used with a 
temperature-controlled reaction vessel designed for small volumes 
(20). The hydrolysis of L-leucinamide was assayed also in a 
pH-stat with 0.1 N HCl, based on the calculation that at pH 
8.05 the cleaving of 1 mole of leucinamide causes the uptake of 
0.48 mole of acid. The hydrolysis of BAA was measured by 
determining ammonia liberation in a Conway unit, and that of 
CBZ-.-glutamyl-L-tyrosine by determining tyrosine liberation 
with the ninhydrin reagent (21). Specific activity was expressed 
in terms of umoles substrate hydrolyzed per minute per mg 
enzyme N. 

Enzymatic Anilide Synthesis—CBZ-glycinanilide synthesis was 
measured according to the method of Murachi (22). The ac- 
tivity was expressed in terms of the first order rate constant, 
ki, per mg enzyme N. 


Column Chromatography 


Column chromatography of the crude bromelain on Duolite 
CS101 was carried out essentially as described by Hirs (23) for 
the chromatography of proteins on Amberlite IRC-50 (XE-64). 


yl, 
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All operations were conducted at cold room temperature (approx- 
imately 4°). One gram of crude bromelain was dissolved in 10 
ml of water and dialyzed against two changes of 2 liters of 0.2 Mm 
potassium phosphate buffer, pH 6.05, overnight. After centri- 
fugation, 10 ml of the supernatant fluid were applied to the resin 
column (1.8 X 40 cm) which had been equilibrated with the 
same buffer. A continuous flow of 0.2 m potassium phosphate 
buffer, pH 6.05, was begun and fractions of 10 ml were collected. 
The optical density of each fraction was measured at 280 mu. 
Further elution was carried out by application of a linear con- 
centration gradient with respect to potassium ion, by the use of 
two reservoirs each containing 400 ml of 0.2 mM potassium phos- 
phate buffer but one of them, in addition, 2m KCl]. Those frac- 
tions which showed high activities toward casein were immedi- 
ately combined, dialyzed overnight against three changes of 7 
liters of distilled water, and lyophilized. 

Trial chromatographic runs of the crude bromelain were made 
also on DEAE-cellulose at pH 8.0 and on CM-cellulose at pH 
6.0, according to the procedures described by Keller et al. (24), 
and by Ellis and Simpson (13), respectively. 
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Fic. 1. Effect of cysteine, KCN, and EDTA on the casein di- 
gestion by crude stem bromelain. X, none; A, EDTA; 0, KCN; 
@, cysteine; O, cysteine and EDTA. A total volume of 20 ml 
contained 0.023 mg enzyme protein N, 0.5% casein, 0.075 m potas- 
’ sium phosphate buffer, pH 7.2, and 0.005 m effectors. Incubation 
was at 35°. An aliquot of 2 ml was mixed with 3 ml of 5% tri- 
chloroacetic acid at given time intervals and the absorbancy of 
the supernatant fluid was measured at 280 my. 


BAE Decomposed/min 
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Fic. 2. pH-dependence of hydrolysis of BAE by crude stem 
bromelain. Reaction mixture contained 0.17 mg enzyme protein 
N, 0.02 m BAE, 0.01 m potassium phosphate buffer, 0.01 m cysteine, 
0.002 m EDTA, and 0.1 m KCl in a total volume of 2.5 ml. The 
reaction was followed by autotitration with 0.1 n NaOH in a pH- 
stat at 25°. 
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Other Methods 


Moving boundary electrophoresis was carried out in a Spinco 
model H electrophoresis apparatus. 

Sedimentation analysis was carried out in a Spinco model E 
ultracentrifuge in a 4-degree, 12-mm sector cell. 

N-Terminal analysis. The FDB method of Sanger was used 
for determination of N-terminal amino acids as described for 
peptides by Fraenkel-Conrat e¢ al. (25). FDB treatment of 0.2 
to 0.8 umole of the material was conducted at pH 8.0 in a pH- 
stat at 40° for 2 hours. Removal of dinitrophenol was carried 
out according to Mills (26), and the identification of DN P-amino 
acids was made by paper chromatography in solvent systems of 
tert-amy] alcohol-phthalate at pH 6.0 or 1.5 m phosphate at pH 
6.0, or two-dimensionally in tert-amy! alcohol-2 N ammonia (4:1) 
followed by 1.5 mM phosphate at pH 6.0. For quantitative deter- 
mination, spots of DNP-amino acids were eluted in 1% NaHCoO, 
and the absorption at 360 my was measured. Corrections for 
losses during acid hydrolysis and chromatography were made by 
running a set of control experiments, by adding a known amount 
of the respective DN P-amino acid to the intact peptide substrate, 
and subjecting the hydrolyzed mixture to analysis for DNP- 
amino acids. 

C-Terminal analysis. The liberation of amino acids from pep- 
tide substrates by carboxypeptidase-A was followed by the same 
procedure as described by Pechére et al. (27). The enzyme used 
was taken from a suspension of five-times crystallized material, 
prepared in this laboratory from acetone powder of beef pancreas 
glands. 

Fractionation of peptides in enzymatic hydrolysate. Electro- 
phoresis of peptides on paper was carried out for 30 minutes at 
1500 volts at pH 3.6 or 6.5, as described by Dixon et al. (21). 
Peptides were eluted from the paper and subjected to the deter- 
mination of amino acid composition (21). The amount of each 
amino acid found was corrected by a factor which was experi- 
mentally obtained from the per cent recovery of the respective 
amino acids after acid hydrolysis of intact peptide substrate. 


RESULTS 


Enzymatic Activity of Crude Stem Bromelain 


Effect of Cysteine—Casein was rapidly hydrolyzed by crude 
enzyme, as shown in Fig. 1. When cysteine was added to the 
reaction mixture, the enzyme retained activity through a longer 
period of incubation. Similar findings were obtained with BAEE 
as substrate. The addition of EDTA besides cysteine was not 
essential for full activity, in contrast to mercuripapain (10). As 
shown in Fig. 1, KCN also had an activating effect. 

Effect of HgClzx—Stem bromelain was strongly inhibited by 
mercuric ion. Thus, 0.79 x 10-* m HgCl. caused complete in- 
hibition of the enzymatic hydrolysis of casein when _ tested 
under the condition described for Fig. 1, but with three times as 
much of the enzyme. Inhibition of 50% was observed at 0.45 X 
10-* m HgCle. Inhibition was instantaneous and could be com- 


pletely reversed by the addition of excess cysteine (0.001 ™), 
suggesting that sulfhydryl] groups of the enzyme protein are 
essential for its catalytic activity. 

pH Dependence—The pH activity curve for the hydrolysis of 
BAEE by crude bromelain, presented in Fig. 2, showed a broad 
maximum near pH 7.0. A similar pattern of pH dependence 
was obtained with casein or hemoglobin as substrates. 
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Action on Various Substrates—As shown in Table I, the enzyme 
hydrolyzes casein and hemoglobin, and among synthetic sub- 
strates BAEE and BAA, which are trypsin substrates, but not 
ATEE, a substrate for chymotrypsin, or CBZ-.-glutamy]-t- 
tyrosine, a substrate for pepsin. The activities toward L-leu- 
cinamide, a leucinaminopeptidase substrate, and toward hip- 
pury|-dl-8-phenyllactate, a carboxypeptidase-A substrate, were 
much less than that toward BAEE. The enzyme catalyzes the 
synthesis of anilide from CBZ-glycine and aniline as the fruit 
enzyme was reported to do (5). 

As also shown in Table I, bromelain activity is comparable to 
that of papain. Both enzymes have similar activities toward 
casein, but toward hemoglobin bromelain is four times as active 
as papain, whereas toward synthetic trypsin substrates brome- 
lain has only 3’, or sy of the activity of papain, suggesting that 
the specificities of the two enzymes are not the same. 

Effect of DF P—DFP, dissolved in n-propanol, was preincu- 
bated with crude bromelain at 25° for 1 hour at pH 7.2, and the 
enzymatic activity toward casein was subsequently measured in 
the presence and absence of 0.001 M cysteine, under the same 
conditions as described for Fig. 1. It was found that 0.001 m 
DFP neither inhibits the enzyme nor does it change its activa- 
tion by cysteine, suggesting that, in contrast to certain other 
endopeptidases (28), no reaction with the active site had oc- 
curred. DFP also failed to inhibit the proteolytic activity of 
the chromatographically purified Fraction 5 of the enzyme prep- 
aration (see below). The present results are at variance with 
those recently reported by Heinicke (29), who suggested that 
DFP is a specific inhibitor of sulfhydryl proteases. 


Chromatographic Fractionation of Stem Bromelain 


Electrophoresis of Crude Bromelain—lt is apparent from Fig. 3 
that the crude preparation contains at least two major electro- 
phoretic components. A similar pattern was also observed in 
the presence of 0.001 mM HgCle. 

Column Chromatography—Attempts were made to separate the 
components of the crude preparation by means of column chro- 
matography on ion exchange resins. When DEAE-cellulose was 
used in 0.005 m potassium phosphate buffer at pH 8.0, approxi- 
mately 80% of the protein applied to the column appeared in the 
“break-through” peak. Incomplete resolution into two com- 
ponents was achieved by the use of CM-cellulose in 0.005 m 
potassium citrate buffer at pH 6.0 with subsequent application 
of a citrate concentration gradient at the same pH. 

The most successful result was obtained with Duolite CS101 
at pH 6.05. As shown in Fig. 4, the enzymatic activity was 
found largely in the protein contained in Peaks 2 and 5. _ Frac- 
tion 2 emerged soon after the “break-through” peak and Fraction 
5 after application of a K+ concentration gradient. Chroma- 
tography on Duolite CS101 was found to be so sensitive to pH 
that at pH 5.9 no protein appeared after the “break-through” 
peak even after collecting 100 fractions, whereas at pH 6.2 more 
than 70% of the material emerged before the 50th fraction, re- 
sulting in poor resolution. 

The fractions corresponding to the shaded area in Fig. 4 were 
combined, dialyzed, and lyophilized. 

General Properties of Fractions 2 and 5—As shown in Table II, 
Fractions 2 and 5 have specific activities similar to one another 
toward casein and also toward BAEE. Both enzymes are sim- 
larly inhibited by either HgClz or p-chloromercuribenzoate, in- 
hibition being reversed by the addition of cysteine. It may be 
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TABLE I 
Action of crude stem bromelain on various substrates 

The conditions of experiments with casein and BAEE are given 
in Figs. 1 and 2, respectively. Similar conditions were used also 
in experiments with other substrates. The units of specific ac- 
tivities are given in the text. Papain was a product from Nutri- 
tional Biochemical Corporation, Cleveland, Ohio and was used 
without purification. 


Ratio of 
Substrate pH Specific activity oie 
to papain 
Casein 7.2 7.98 1.1 
Hemoglobin 7.2 6.32 4.1 
BAEE 7.2 1.10 0.065 
BAA Ta 0.60 0.043 
L-Leucinamide 8.1 0.31 
HPLA* 7.5 0.20 
ATEE 7.2 ~0 
CBZ-u-Glu-L-Tyr 4.0, 7.6) 
CBZ-Gly and anilinet 5.0 0.28 X 107-8 0.35 


* Hippuryl-dl-8-phenyllactate. 
t of CBZ-L-glycinanilide was determined. 


A 


Fig. 3. Ascending electrophoretic pattern of crude stem brome- 
lain in 0.04 m potassium phosphate buffer, pH 7.4, containing 0.1 
M LiCl, after 301 minutes at 4.03 volts cm™. Approximately 1.5% 
solution of enzyme protein was used. The calculated mobility 
values were +0.70 X 10-5 cm? volt~! sec™! for component A, and 
—1.17 X 10-5 cm? volt~ sec” for component B. 


of interest to note in Table II that Fractions 2 and 5 have no, 
or very low, activities toward L-leucinamide or hippury]-dl-8- 
phenyllactate, whereas the crude preparation (Table I) showed 
appreciable hydrolysis of these substrates. 

Without further purification, Fractions 2 and 5 showed rea- 
sonably high homogeneity with respect to electrophoresis and 
sedimentation. The calculated constants are shown in Table IT. 


Preparation of Crude Crystalline Bromelain 


Attempts were made to obtain a crystalline enzyme prepara- 
tion by fractionation of stem bromelain with ammonium sulfate 
and sodium chloride. The following is a preliminary description 
of the procedure which was found to yield crude crystalline 
material. 

Ten grams of stem bromelain were dissolved in 50 ml of water, 
and 5 ml of 0.1 m HgCls were added to obtain a mercury deriva- 
tive of the enzyme. After adjustment to pH 7.5 with n NaOH, 
the mixture was centrifuged for 30 minutes at 14,000 r.p.m. 
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Fic. 4. Column chromatography of crude stem bromelain on Duolite CS101 resin. The conditions of the experiment are given in 
the text. Relative activity was determined with casein as substrate under standard assay conditions (Fig. 1). The [activity (@) is 
shown on an arbitrary scale. 


TABLE II 
General properties of Fractions 2 and 5 of stem bromelain | 
The conditions of assays of the enzymatic activities and the 
units of specific activities are the same as in Table I. Electro- 
phoresis and ultracentrifugation were carried out in 0.04 M potas- 
sium phosphate buffer, pH 7.4, containing 0.1 m LiCl. 


Properties Fraction 2 Fraction 5 
Yield of lyophilized material (% 
of crude preparation) 7 9 
Activity toward casein: | 
Without cysteine 2.51 
With cysteine | 9.35 11.8 
With HgCl, (10-* m) 0 
Activity toward BAEE 
With cysteine 1.05 
With p-Cl-Hg-benzoate (10-° 0 | 0 
M) | 
Activity toward L-leucinamide 0 | 
Activity toward HPLA* <0.04 <0.04 
Electrophoretic mobility,fu,pH | —1.85 | +0.18 K 
7.4 
Sedimentation constant, 820,., | 2.73 8 2.768 
pH 7.4 | 


* Hippuryl-dl-s-phenyllactate. 
In em? volt~! see.-?. 


To the supernatant solution (55 ml) were added 12.5 g of am- 
monium sulfate at pH 7.5 at room temperature and after 1 hour 
the mixture was centrifuged. The precipitate was washed with 
a solution of 6.25 g of ammonium sulfate in 25 ml of water and 
the washed precipitate was dissolved in water to make a solution 
of 25 ml. At pH 7.5, 2.25 g of ammonium sulfate were added 
and the precipitate was collected by centrifugation. Electro- 
phoresis of the precipitate in 0.04 m potassium phosphate buffer, 
pH 7.4, containing 0.1 m LiCl showed that the material consisted 


80 00 120 140 


mainly of one component having a positive mobility at that pH, 
whereas the starting material, as mentioned above, contained at 
least two major components (see Fig. 3). The precipitate was 
dissolved in 100 ml of water, reprecipitated by adding 30 g of 
NaCl, washed with saturated NaCl solution, and then dissolved 
in 400 ml of 80% saturated sodium chloride solution by adjusting 
to pH 9.0 with n NaOH. When 0.1 N acetic acid was added 
slowly to lower the pH to approximately 8, a faint turbidity due 
to crystalline material appeared, which did not increase sub- 
stantially by standing but could be increased by further, cautious 
addition of acetic acid to a yield of about 5% of the starting 
material. Microscopic observation revealed the presence of 
materials appearing like twisted long threads, which did not 
change in habit upon recrystallization. The specific activity of 
the crude crystalline product thus obtained was the same as, or 
only slightly higher than, that of the starting material as assayed 
toward casein in the presence of 0.005 m cysteine. A similar 
type of crude crystalline material was also obtained when stem 
bromelain was treated in the same manner except that 0.01 m 
cysteine was employed throughout the procedure instead of con- 
verting the enzyme into the mercury derivative. 


Action of Bromelain on Glucagon 


In order to study further the specificity of bromelain, glucagon 
and the B chain of oxidized insulin were used as substrates. 
These substrates were incubated with the enzyme, and after a 
certain time period the digest was subjected to various techniques 
for determining which of the peptide bonds was hydrolyzed by 
the enzyme. A more extensive study was carried out with glu- 
cagon than with insulin, since the former was found to be a better 
substrate for this enzyme. 

Time Course of Glucagon Hydrolysis—Fig. 5 shows the progress 
curves of glucagon hydrolysis by fraction 5 as measured in the 
pH-stat. After 10 to 15 minutes of incubation the alkali uptake 
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pH 74 
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10 15 
Minutes 


Fic. 5. Hydrolysis of glucagon by Fraction 5 of bromelain. 
Reaction mixture contained 2 uwmoles of glucagon, 0.014 mg of 
enzyme protein N, and 0.005 m potassium phosphate buffer in a 
total volume of 2.5 ml. The reaction was followed by autotitra- 
tion with 0.1 N NaOH in a pH-stat at 25°. 


Moles NoOH/Mole Glucagon 
re) 


limited number of peptide bonds. Thereafter, no appreciable 
alkali uptake was observed even upon the addition of additional 
enzyme. In Table III are presented the amounts of alkali up- 
take in terms of the mole ratio NaOH to glucagon, at 
various pH values. The data obtained with Fractions 2 and 5 
are in good agreement with each other except at pH 8.6. From 
such data the number of peptide bonds split and the average 
pK of the amino group formed can be calculated by use of the 
Henderson-Hasselbalch equation (30, 31).4 In the present case 
it was alternatively assumed that one or two peptide bonds were 
split, since, according to the plots shown in Fig. 5, it seemed un- 
likely that more than two peptide bonds were hydrolyzed. 
Omitting the values obtained at pH 8.6, where a considerable 
drift was observed during the autotitration, it appears from the 
data presented in Table III that only one equivalent of peptide 
bond was hydrolyzed per mole of glucagon, the pK of the ioniz- 
ing group being 7.3; this value was remarkably constant within 
the pH range studied. In these measurements and calculations 
the pH was operationally defined as the value selected on the 
autotitrator. It will be shown below that independent experi- 
mental evidence, based on quantitative end group analysis, also 
indicated that only one equivalent of peptide bond per mole of 
glucagon was hydrolyzed by bromelain. 

NH--Terminal Analysis of the Digest—A 20-minute enzymatic 
digest of 2 umoles of glucagon at pH 8.0 was subjected to FDB 
treatment to detect any new amino terminal residues. Some of 
the paper chromatograms obtained are traced in Fig. 6, and the 
quantitative results are shown in Table 1V. Experiments with 
trypsin as the degrading enzyme were carried out as a reference, 
and the results obtained were in good agreement with those re- 
ported by Bromer et al. (32), indicating that the peptide bonds 
Lys-Tyr, Arg-Arg, and Arg-Ala of glucagon were susceptible to 
tryptic action. DNP-histidine (a@-N ,imidazole-N-disubstituted) 
was not determined because of incomplete extraction of this 
derivative into the ether phase (25) and also because of indis- 
tinguishable coincidence on the chromatogram with unknown 
amounts of dinitrophenol. The presence of a small amount of 
free alanine in the digest was detected by chromatography of the 
ether-extractable material from the FDB-treated digest before 
acid hydrolysis of DNP-peptides. The identification was con- 
firmed by eluting the spot and hydrolyzing the eluted material 


‘pH = pK, + log ({A]/[HA]), where A denotes a conjugate 
base. Pechére and Neurath (31), however, made their calculation 
by the erroneous use of the equation, pH = pK, — log ({A]/ 
[HA]). 
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TaBLeE III 
Alkali uptake ratios in glucagon hydrolysis by bromelain 


The conditions of experiments are given in Fig. 5. For eal- 
culation of pK, see the text. 


| pKg calculated from: 
NaOH per mole 
E H 
siucagen Cleaving of 1 | Cleaving of 2 
nd bon 
mole 
Fraction 2 7.4 0.50 7.40 6.92 
PY 0.72 7.30 7.45 
8.0 0.82 7.35 7.84 
8.3 0.90 7.34 8.21 
8.6 0.97 7.16 8.57 
Fraction 5 7.4 0.54 7.33 6.97 
0.71 7.32 7.44 
8.0 0.82 7.34 7.84 
8.3 0.91 7.32 8.22 
8.6 0.75 8.12 8.38 
i 2 3 4 5 6 7 
L i i i ORIGIN 
ONP-Glu 


ONP-Ala 


7) ONP-Tyr (di) 


Fia. 6. Tracing of a descending chromatogram of DNP-amino 
acids from glucagon on Whatman No. | paper in tert-amy]! alcohol- 
phthalate (pH 6.0) at room temperature for 24 hours. Traces of 
yellowish or brownish spots are indicated with dotted lines. /, 
Intact glucagon; 2 and 3, the digest of glucagon by Fraction 5 of 
bromelain; 4, the digest by Fraction 2; 5 and 6, the digest by tryp- 
sin; 7, mixture of known DNP-amino acids. /, 3, 4, and 6 were 
from the ethereal phase after acid hydrolysis of DNP-peptides; 
2 and 6 were from the ethereal phase before acid hydrolysis. The 
digestion by bromelain was carried out in a pH-stat with 2 uwmoles 
of glucagon and 0.014 mg of N enzyme in 2.5 ml of solution contain- 
ing 0.005 m potassium phosphate buffer, pH 8.0, for 20 minutes at 
25°. The digest by trypsin was prepared by incubating in a pH- 
stat 2 umoles of glucagon with 0.009 mg of N trypsin in 2.5 ml of 
solution containing 0.005 m Tris buffer, pH 8.0, and 0.05 M CaCl. 
for 20 minutes at 25°. 
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TaBLe IV 
Yields of DNP-amino acids from digest of 
glucagon by bromelain and trypsin 


The conditions of enzymatic digestion were the same as those 
described for Fig. 6. The figures in the table are moles DNP- 
amino acid per mole glucagon. 


DNP-amino acid Fraction 2 Fraction 5 Trypsin 
Free DNP-alanine* 0.04 0.06 None 
DNP-alanine 0.55 0.53 0.18 
DNP-tyrosine None or trace | None or trace| 1.08 
DNP-glutamic acid 0.45 0.43 None 
e-DNP-lysine 0.87 0.82 0.83 
DNP-arginine None None 0.57 


* Before acid hydrolysis of DN P-peptides. 


in 6 N HC! for 16 hours, which yielded only DNP-alanine. The 
presence of free alanine was confirmed also by carboxypeptidase- 
A action on the digest (see below). 

The results shown in Fig. 6 and Table IV indicate that from 
1 mole of glucagon, approximately 4 mole of DNP-alanine and $ 
mole of DNP-glutamic acid appear as N-terminal] groups, in ad- 
dition to histidine which is the N-terminus of the substrate. It 
follows from the amino acid sequence of glucagon (33), 


NH, 


His. Ser.Glu.Gly. Thr. Phe. Thr. Ser- 
Asp. Tyr.Ser. Lys. Tyr. Leu. Asp- 
NH, 


| 
Ser. Arg. Arg. Ala.Glu. Asp. Phe- 
NH: NH, 


| | 
Val.Glu. Try. Leu. Met. Asp. Thr. 
23 2 2 2 87 28 29 


that the appearance of DNP-alanine is the result of hydrolysis 
of the Arg-Ala bond (18, 19), whereas the appearance of DNP- 
glutamic acid could be due to the splitting of any one of the three 
glutamine bonds (in positions 3, 20, and 24). In order to decide 
among these, the following series of experiments were under- 
taken. 

Separation of Basic Peptides from Digest—When an aliquot of 
the 20-minute digest of glucagon was subjected to high voltage 
electrophoresis on paper at pH 3.6, one spot corresponding to 
one or more basic peptides was obtained after spraying with 
ninhydrin reagent, as shown in Fig. 7. The same was found 
after electrophoresis at pH 6.5, except that the spot of basic 
peptides was broader and looked as though it consisted of two 
closely adjacent spots. 

The amino acid composition of the eluted spot of the basic 
peptide at pH 3.6 is given in Table V and corresponds to that of 
a peptide containing the sequence / to 18 (His through the sec- 
ond Arg) of glucagon plus one-half equivalent alanine, suggesting 
that cleavage at the Arg-Ala and Ala-Glu(NH:2) bonds had oc- 
curred. 

Separation of Acid-tnsoluble Peptides from the Digest—If split- 
ting had occurred at the Arg-Ala and Ala-Glu(NH.,) sites, two 
peptides, 19 to 29 (Ala through Thr) and 20 to 29 (Glu(NH:2) 
through Thr), would be expected to be present in the digest and, 
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Fic. 7. bs voltage electrophoresis on paper ne the digest of 
glucagon. The conditions of enzymatic digestion were the same 
as those described for Fig. 6. The digest corresponding to 0.2 to 
0.4 umole of glucagon was applied along the center line of a What- 
man No. 3 paper (20 X 40 cm). Electrophoresis was run at pH 
3.6 (pyridine-acetic acid) for 20 minutes at 1500 volts. The pep- 
tides were stained with ninhydrin and the relative intensities of 
staining are indicated by the heaviness of cross-hatching. /, 
The digest of glucagon by Fraction 2 of bromelain; 2, the digest 
by Fraction 5; 3, the digest by trypsin; 4, intact glucagon; 6, 
amino acid mixture. B, Basic amino acids; N, neutral amino 
acids. 


TABLE V 
Amino acid composition of basic peptide from 
the digest of glucagon by Fraction & 


The basic peptide was obtained by high voltage electrophoresis 
of the digest (see Fig. 7). 


Amino acid Found Ratio* 
pmoles 

Glutamic acid 0.306 0.9 
Aspartic acid 0.751 2.3 
Histidine 0.311 0.9 
Arginine 0.612 1.9 
Lysine 0.376 1.1 
Serine 1.405 4.2 
Glycine 0.305 0.9 
Threonine 0.715 2.1 
Alanine 0.145 0.4 
Tyrosine 
Methioninef None 
Valine None — 
Phenylalanine 0.398 1.2 
Leucine 0.311 0.9 


* The average of values for histidine, lysine, and glycine was 
taken as unity. 
t As methionine sulfone. 


according to the work of Bromer et al. (32), these two peptides 
would be acid-insoluble. To prove this, the digest of 0.4 umole 
of glucagon was lyophilized and the residue was extracted three 
times with 1 ml of 0.001 m acetic acid. The amino acid composi- 
tion of the acid-insoluble material thus obtained was determined. 
The data in Table VI may be most reasonably explained on the 
basis that the acid-insoluble material is approximately an equi- 
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TaBLeE VI 
Amino acid composition of acid-insoluble peptide 
from digest of glucagon by Fraction 6 
The acid-insoluble peptide was the residue from acetic acid 
extractions of the lyophilized digest (see text). 


Amino acid Found Ratio* 
pmole 
Glutamic acid 0.643 2.1 
Aspartic acid 0.650 2.1 
Histidine 0.018 0.1 
Arginine 0.042 0.1 
Lysine 0.021 0.1 
Serine 0.110 0.4 
Glycine 0.029 0.1 
Threonine 0.397 1.2 
Alanine 0.185 0.6 
Tyrosine 0.056 0.2 
Methioninef 0.317 1.0 
Valine 0.308 1.0 
Phenylalanine 0.372 1.2 
Leucine 0.335 1.0 


* The average of values for methionine and valine was taken 
as unity. 
t As methionine sulfone. 


molar mixture of peptides 19 to 29 and 20 to 29 containing intact 
glucagon as an impurity. FDB treatment of the acid-insoluble 
material showed the occurrence of DNP-alanine and DNP- 
glutamic acid approximately in 1:1 ratio. These results favor 
the view that cleavage of the Arg-Ala and Ala-Glu(NH.) bonds 
took place. 

Action of Carboxypeptidase-A on Digest—If the bond Ala- 
Glu(NH.) were one of the points of attack, the resulting C-ter- 
minal alanine should be released by the action of carboxypep- 
tidase-A. This was found to be the actual case, as shown in 
Fig. 8. Carboxypeptidase-A liberated from intact glucagon, 
threonine, asparagine, methionine, leucine, tryptophan, gluta- 
mine, valine, and phenylalanine, a result which is consistent with 
the observations of Bromer et al. (34). From the 20-minute 
digest of glucagon with bromelain, alanine was liberated in addi- 
tion to these eight amino acids. It is worthy of note that the 
rate of liberation of alanine was very high and the amount liber- 
ated was approximately 0.5 that of threonine. 

From these lines of evidence, it may be concluded that both 
Arg-Ala (18-19) and Ala-Glu(NH2) (19-20) bonds are susceptible 
to bromelain and that both bonds are alternatively but not 
simultaneously cleaved. This is in agreement with the pre- 
viously stated view that only one equivalent bond is cleaved per 
mole of substrate. 


Action of Bromelain on B Chain of Oxidized Insulin 


When the B chain of insulin was incubated with either Fraction 
2 or Fraction 5, only a small uptake of alkali was recorded on the 
pH-stat. By use of 5 times the amount of enzyme employed 
for the digestion of glucagon, approximately 4 mole of NaOH 
was taken up per mole of B chain after 40 minutes of incubation 
at pH 8.5. 

The 40-minute digest was treated with FDB and the DNP- 
amino acids were determined. The results are shown in Table 
VII. Although a reference experiment carried out with trypsin 
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Fig. 8. Liberation of amino acids from glucagon by the action 
of carboxypeptidase-A. A, Action on intact glucagon; B, action 
on the digest of glucagon by Fraction 5 of bromelain. Plots for 
asparagine, methionine, leucine, and glutamine, which were 
similar to those for tryptophan and valine, were omitted to avoid 
crowded figures. For A, 2umoles of glucagon in 4.5 ml of solution 
were mixed with 0.5 ml of 0.25% solution of carboxypeptidase-A 
in 1.0M ammonium acetate, pH 8.5, containing 0.001m DFP. For 
B, the 20-minute digest (2.5 ml) of 2 umoles of glucagon, the same 
as in Fig. 6, was acidified with 0.3 ml of 0.1 nN HCl and treated at 
90° for 2 minutes. The solution was neutralized, diluted to 4.5 
ml, and mixed with 0.5 ml of carboxypeptidase-A solution as 


above. At given time intervals each 0.5-ml aliquot was with- 


drawn for amino acid analysis. Zero time values were obtained 
by a separate experiment without the addition of carboxypepti- 
dase. 


TaB_Le VII 


Yields of DNP-amino acids from digest of B chain of oxidized 
insulin by bromelain and trypsin 


Enzymatic digestion was carried out at pH 8.5 in a pH-stat at 
25°. Two uymoles of substrate were incubated for 40 minutes with 
0.07 mg of bromelain N in 2.5 ml of solution containing 0.005 m 
potassium phosphate buffer; or for 20 minutes with 0.018 mg of 
trypsin N in 2.5 ml of solution containing 0.005 m Tris buffer and 
0.05m CaCl,. The figures in the table are moles DNP-amino acid 
per mole B chain. 


DNP-amino acid Fraction 2 Fraction 5 Trypsin 
Free DNP-alanine* None None 0.42 
DNP-glycine 0.03 0.05 0.64 
DNP-glutamic acid 0.11 0.10 None 
DNP-phenylalanine 0.91 0.90 0.90 
e-DNP-lysine 0.80 0.79 0.83 


* Before acid hydrolysis of DNP-peptides. 


as the enzyme gave results which are consistent with the known 
amino acid sequence of the B chain (35, 36) and with the spec- 
ificity of trypsin, the experiments with bromelain resulted in 
detection of only a small amount of DNP-glutamic acid with a 
trace amount of DNP-glycine. The absence of free alanine in- 
dicates the resistance of the C-terminal Lys-Ala bond to this 
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enzyme. Because of the limited scope of this specific investiga- 
tion, no further conclusions can be drawn concerning further 
possible sites of cleavage. 


DISCUSSION 


Although ion exchange column chromatography on Duolite 
CS101 proved to be a simple and reproducible procedure for the 
fractionation and purification of stem bromelain, it is of interest 
that little, if any, increase in specific activity accompanied chro- 
matographic fractionation. This observation is in agreement 
with the finding that the crude crystalline bromelain obtained by 
fractionation with ammonium sulfate and subsequently with 
sodium chloride, did not show a higher specific activity than the 
crude enzyme. 

Fractions 2 and 5 isolated by chromatography appear to be 
indistinguishable from each other in their activities toward 
various substrates and in their behavior toward activation and 
inhibition. Each of these two fractions appears to be homo- 
geneous with respect to chromatography, electrophoresis and 
sedimentation in the ultracentrifuge, and the only significant 
difference between them relates to their electrophoretic mobility 
at pH 7.4 (Table II). The possibility that one of the two frac- 
tions is the dimer of the other seems unlikely since their sedi- 
mentation constants are so nearly alike (Table II). Although 
the values for electrophoretic mobility of Fractions 2 and 5 
shown in Table II are not identical with those of components B 
and A, respectively, shown in Fig. 3, it may be reasonable to 
suppose that the two chromatographic fractions represent the 
respective two major electrophoretic components. 

Although BAEE was found to be the best substrate for stem 
bromelain, a relatively broad specificity range was found when 
glucagon and the B chain of oxidized insulin were used as sub- 
strates. In this connection, two findings are of particular in- 
terest: (a) the enzyme splits the Arg-Ala bond of glucagon and 
yet leaves intact the Arg-Arg and the Lys-Tyr bonds which are 
readily susceptible to tryptic hydrolysis; and (b) the enzyme 
hydrolyzes with comparable rates the Ala-Glu(NH.) and the 
Arg-Ala bonds. The failure of bromelain to split any of the 
lysyl bonds in either glucagon or the B chain of oxidized insulin 
suggests the possibility that this enzyme may be inert toward 
lysyl bonds in proteins in general and thus may be useful in se- 
quence studies for the purpose of differential enzymatic hydrol- 
ysis of peptide bonds contributed by basic side chains. However, 
since the enzyme did not hydrolyze every arginy] bond in the 
two polypeptide substrates which have been tested but at the 
same time hydrolyzed the Ala-Glu(NH:.) bond in glucagon, the 
possibility exists that the preparation used consisted of a mix- 
ture of two or more different enzymes. Although this appears 
unlikely, in view of the reasonably high homogeneity of the 
preparation and the similarity in specificity of Fractions 2 and 5, 
it is clear that the final test concerning the specificity and use- 
fulness of this enzyme must await further studies with other 
peptide and protein substrates. 

Although a certain similarity in behavior and specificity of 
stem bromelain and papain is apparent from the data which 
have been presented, it is clear that significant differences exist 
with respect to their substrate specificities, the conditions of 
maximum activation, and their physical-chemical properties. 
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SUMMARY 


1. The crude preparation of stem bromelain has proteolytic 
activity toward casein and hemoglobin. Among various syn- 
thetic substrates tested benzoy]-L-arginine ethyl ester was found 
to be most rapidly hydrolyzed. The enzyme was activated by 
cysteine or by cyanide, and strongly inhibited by mercuric ion, 
inhibition being completely reversed by an excess of cysteine. 
The enzyme showed a broad pH maximum around pH 7. _ Di- 
isopropylphosphorofluoridate had no specific effect on the en- 
zymatic action. 

2. Ion exchange column chromatography of the crude prep- 
aration on Duolite CS101 at pH 6.05 resulted in good resolution 
of two protein components, 2.e. Fractions 2 and 5, which appear 
to correspond to two major components found by electrophoresis 
of the crude material at pH 7.4. Fractions 2 and 5 are remark- 
ably similar to one another in their activities toward various 
protein, polypeptide, and synthetic substrates. Both have sim- 
ilar sedimentation constants and distinctly different electro- 
phoretic mobility values at pH 7.4. 

3. The action of purified preparations of bromelain on glu- 
cagon and the B chain of oxidized beef insulin was studied. An 
extensive study of the digestion of glucagon has revealed the 
fact that bromelain rapidly cleaves glucagon at either the arginyl- 
alanyl or alanyl-glutaminyl bond, while it leaves intact lysyl- 
tyrosyl and arginyl-arginyl bonds. The B chain of oxidized in- 
sulin was found to be a relatively poor substrate for bromelain. 

4, Crude crystalline enzyme was obtained by fractionation 
with ammonium sulfate and subsequently with sodium chloride 


Acknowledgment—We wish to thank Mr. Roger D. Wade for 
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Despite the recent advances in our knowledge both of protein 
structure and the specificity of proteolytic enzymes toward model 
substrates, there are few detailed analyses of the kinetics and 
mechanisms of the enzymatic digestion of proteins. Linder- 
strgm-Lang (1) has reviewed this problem and derived theoretical 
expressions for the kinetics of the breakdown of model structures 
containing, for example, a variable number of susceptible bonds 
in one or more polypeptide chains. From such analyses and the 
appropriate experimental data, conclusions can be drawn about 
the mode of action of the enzyme in relation to the breakdown 
of the organized structure of the macromolecular substrate. 
Conversely, such studies may also provide valuable information 
about the structure of the macromolecular substrate. 

A qualitative approach to this problem was first made by 
Tiselius and Eriksson-Quensel (2) in their investigation of the 
action of pepsin on ovalbumin. They described two possible 
extremes for the manner in which a large protein molecule may 
be degraded by an enzyme. In the first, the enzyme may cleave 
all of the peptide bonds for which it is specific in one substrate 
molecule before it begins to attack a second molecule. After 
the enzyme action has been initiated, there would be in the reac- 
tion mixture both the intact, native substrate molecules and 
fully digested fragments; but no detectable intermediates corre- 
sponding to partially digested macromolecules would be ob- 
served. This mechanism has been variously described as a 
“‘one-by-one,”’ “all or none,” or “‘explosion” type. At the other 
extreme, the enzyme may break specifically a key bond (or bonds) 
in each substrate molecule before proceeding with the hydrolysis 
of other susceptible bonds in any of the molecules. For such 
systems the native substrate molecules disappear rapidly with 
the simultaneous formation of intermediates which then undergo 
a slower hydrolysis. This mechanism has been called the “zip- 
per” type by Linderstrgm-Lang (3). Between these two ex- 
tremes is the so called “intermediate” type in which there is a 
progressive degradation of the macromolecules with no specific, 
susceptible bonds being either much more resistant or much more 
labile than the remaining bonds. 

As stressed by Linderstrgm-Lang (4), the relative rates of the 
initial and subsequent endopeptidase reactions determine the 
observed pattern of the over-all degradation. If the initial rate 
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is very slow compared to subsequent endopeptidase action, a 
molecule, once attacked by the enzyme, will be hydrolyzed to 
its end products. Intermediates will not be detected, and the 
reaction will correspond to the one-by-one type. Alternatively, 
intermediates will be detected and the native, intact substrate 
molecules will disappear early, as in the zipper type, if the initial 
reaction is much more rapid than endopeptidase action. When 
both the initial and subsequent reactions have comparable 
velocities, native molecules and intermediates will be observed 
as in the intermediate type. 

This communication and the one following present the results 
of investigations as to the mechanism of the enzymatic break- 
down of the two proteins, insulin and ribonuclease. In conjunc- 
tion with previous work in this laboratory on the action of 
deoxyribonuclease on deoxyribonucleic acid (5, 6), which appears 
to be of the intermediate type, these investigations provide 
examples of the mechanisms outlined above. 

Although other workers have already examined certain phases 
of the enzymatic breakdown of these particular proteins and 
other macromolecules, further investigation seems desirable be- 
cause of the rapid progress in our knowledge of the structure of 
these materials and also because of the important strides in the 
application of physical chemical techniques to the examination 
of large and small molecules. Insulin was selected as a substrate, 
despite disadvantages resulting from its tendency to exhibit 
association-dissociation equilibria, because of the availability of 
the detailed structure provided by the work of Sanger e¢ al. (7- 
10). This knowledge of the primary structure of the substrate 
affords an opportunity to compare the specificity of chymotrypsin 
toward native insulin with the demonstrated activity either on 
the separated, oxidized chains of insulin or on synthetic sub- 
strates of known sequence (11, 12). In agreement with the 
findings of Phillips (13), we conclude that the action of chymo- 
trypsin on insulin is predominantly of the one-by-one type. 
However, our results do not support the previous suggestions 
(13-15) concerning the existence of a “core’”’ with a molecular 
weight about 5,000. Indeed, the products of the enzymic action 
have a weight average molecular weight about 2,000, consistent 
with the known structure of insulin and the specificity of chymo- 


trypsin. 


EXPERIMENTAL 


Materials and Methods 


Armour Zn-insulin (crystallized once from beef), Lot No. 
473-53 AB and a-chymotrypsin (crystallized, salt-free, bovine 
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origin), Armour Lot No. 90492, were used throughout these 
studies. Since the activity of the insulin sample proved to be 
low (see Table I) some studies were also performed with a sample 
of crystalline beef insulin (Batch No. 2189) prepared at the 
request of The Commission on Proteins of IUPAC. Identical 
physical and chemical results were obtained with this material, 
but no biological studies were made. 

Chymotryptic digests of insulin, which were employed for 
both the kinetic studies and for examination of the specificity 
of the enzyme, were prepared by dissolving the dry insulin in 
0.01 mM sodium pyrophosphate HC] buffer at pH 8.7 followed 
by the addition of chymotrypsin dissolved in the same buffer. 
All digests contained initially 1.0 g of insulin and 0.005 g of 
chymotrypsin per 100 ml. Control and digested solutions were 
maintained at 30° throughout the experiments, and samples were 
withdrawn at selected intervals for chemical or physical chemical 
characterization. For some studies involving fractionation of 
the contents of solutions containing partially digested insulin, a 
phosphate buffer, 0.073 mM, at pH 7.6 was employed. Kinetic 
experiments were also performed in 0.1 mM phosphate buffers at 
pH 7 and 7.6. 

The N-terminal amino acids present in digests were determined 
by the phenylisothiocyanate procedure of Edman (16), as modi- 
fied by Fraenkel-Conrat (17, 18). We are indebted to Dr. J. I. 
Harris for his help in the use of the paper strip technique. Two 
hundred microliters of appropriate samples were applied, with 
intermittent drying, to 1 X 5 cm Whatman No. 1 filter paper 
strips. The reaction with phenylisothiocyanate, the washing, 
hydrolysis, extraction, and estimation of the yields of the phenyl- 
thiohydantoins were performed by the procedure of Fraenkel- 
Conrat (18). The phenylthiohydantoins were then hydrolyzed 
to yield the free amino acids as follows. 'To each Pyrex test tube 
containing the extracted phenylthiohydantoins (1 to 2 ml) was 
added 0.1 ml of redistilled, constant boiling HCl]. After freezing 
the solutions with liquid Ne, each tube was sealed under vacuum 
and the tubes were placed at 150° for 16 hours. Under these 
conditions of hydrolysis, cystine, serine, and threonine are 
partially or wholly destroyed. After the tubes were broken 
open and the solutions dried over NaOH in a desiccator, a small 
amount of water was added to each tube. The hydrolysates 
were then chromatographed along with standard amino acids 
in a solvent composed of n-butanol-acetic acid-water (4:1:5) 
as described by Levy (19). The amino acids were identified 
after spraying with a mixture of 50 ml of 0.1% ninhydrin in ethyl 
alcohol, 2 ml of collidine, and 15 ml of glacial acetic acid (19). 

To determine the extent of the reaction, aliquots were removed 
from the digestion mixture and amino nitrogen determinations 
were made by the method of Moore and Stein (20). A leucine 
standard solution was used to relate reading in the colorimeter 
at 570 my to moles of amino nitrogen. It is important to note 
that the color produced in the ninhydrin reaction is dependent, 
in part, upon the specific N-terminal amino acid reacting, and 
only an approximate value for the number of N-terminal residues 
(or peptide bonds cleaved) is given by this method. In reporting 
the number of peptide bonds cleaved per molecule, we have taken 
the molecular weight of insulin as 6,000 despite the fact that the 
monomers are associated to aggregates of much larger molecular 
weight under the conditions of the physical chemical experiments. 

Ultracentrifugal analyses were performed in a Spinco model E 
ultracentrifuge equipped with a Philpot-Svensson optical system 
employing a bar as the schlieren diaphragm. All boundaries 
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were formed by layering the appropriate solvent over the corre- 
sponding solution in a synthetic boundary cell (21). This 
permitted analysis of all of the solute present in the solution, 
thereby providing an estimation both of the rate of movement 
and the amount of low molecular weight peptide fragments 
formed during the digestion. After the boundaries were formed 
at 6,000 to 10,000 r.p.m., the rotor was slowly accelerated at 9 
amperes of driving current to the desired speed of 59,780 r.p.m. 
Rapid acceleration produced convective disturbances due pre- 
sumably (a) to the heating of liquid at the bottom of the solution 
column upon the imposition of the high pressure there and (b) 
to the temperature gradients in the liquid introduced by the 
cooling of the rotor upon its expansion in the centrifugal field. 
Photographic plates were analyzed by means of a microcompara- 
tor. All sedimentation coefficients were corrected to values 
corresponding to a solvent with the viscosity and density of 
water at 20° (se,.). Ultracentrifuge experiments were begun 
immediately after withdrawal of aliquots from the reaction 
mixture without attempting to inhibit the enzyme, since the 
duration of an ultracentrifuge run was short in comparison with 
the over-all digestion time. Although some digestion may have 
occurred during the ultracentrifugal experiments, the total 
change in composition of the mixture was no doubt small and 
there was no evidence of any reaction during the ultracentrifuge 
experiments. 

The concentration dependence of the sedimentation coeffi- 
cient of insulin was measured at pH 8.7, 7.6, and 7.3. These 
experiments, conducted in either phosphate or pyrophosphate 
buffers at ionic strengths of about 0.1 to 0.2, provided data neces- 
sary for the interpretation of the experimental results obtained 
with the digestion mixtures. 

In order to isolate and characterize the large molecular weight 


‘component observed during the enzymatic digestion, the reac- 


tion mixture, after about 1.4 bonds per molecule of insulin were 
broken, was fractionated by lowering the pH of the solution to 
5.5 through the controlled addition of 1m HCl. The precipitate, 
which formed immediately, was collected by centrifugation in 
the cold at 30,000 r.p.m. The supernatant was stored at 4°; 
the precipitate was dissolved in 0.1 m HC! and the solution was 
lyophilized. This material was then dissolved in water and 
again lyophilized, and the material (as the hydrochloride) was 
dried under reduced pressure over P,O;. From 60 mg of insulin 
in the reaction mixture, 40.8 mg of precipitated hydrochloride 
were isolated. A control sample of undigested insulin was also 
converted to the hydrochloride. Both of these materials were 
then characterized by (a) ultracentrifugal analysis, (6) partition 
column chromatography, (c) biological activity measurements, 
and (d) determination of N-terminal amino groups. We express 
our thanks to Miss J. L’Esperance and Dr. F. H. Carpenter who 
performed the chromatography experiments according to the 
procedure of Carpenter and Hess (22). Also we are indebted 
to Dr. O. K. Behrens of Eli Lilly and Company for the assays of 
insulin activity by a mouse convulsion test. The N-terminal 
amino groups were kindly determined by Dr. H. Fraenkel- 
Conrat and Mrs. B. Singer according to the fluorodinitrobenzene 
method as described by Levy (19). The recovered material was 
also subjected to another chymotryptic digestion at pH 7.6 in a 
0.1 m phosphate buffer, and the ultracentrifugal patterns at 
various stages of the enzymatic degradation were compared with 
those obtained with a control sample which had not been exposed 
previously to chymotryptic action and acid precipitation. 
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KINETICS OF DIGESTION OF INSULIN BY CHYMOTRYPSIN 
1Omg/mi insulin ond O05 mg/mi Chymotrypsin 


REACTION TIME 


HOURS AT 30°C 9 
S FAST 274 
20,4 
S SLOW 
20,4 


REACTION TIME 
HOURS AT 30°C 140 
2.80 

0.60 


Fic. 1. Ultracentrifuge patterns at various stages of the di- 
gestion of insulin (1.0 g/100 ml) by chymotrypsin (0.005 g/100 ml). 
Each picture is a representative pattern 40 to 76 minutes after 
attaining a speed of 59,780 r.p.m. All boundaries were formed 
near the center of the cell in a synthetic boundary cell. Sedi- 
mentation is to the right and the sedimentation coefficients, when 
measurable, and reaction times are shown. 


3.00 


2.00 
S 
1,00 
~-- S550" 
0 8 16 24 32 40 “ 52 56 


REACTION TIME IN HOURS 


Fic. 2. Kinetics of the digestion of insulin by chymotrypsin; 
O and A represent the results of two independent experiments. 
The ordinate corresponds to sedimentation coefficients, for both 
slow and fast components, in Svedbergs and to the number of 
bonds broken per molecule of insulin, as measured by the ninhy- 
drin reaction. 


40 6.0 8.0 10.0 
INSULIN CONCENTRATION IN (mg/cc) 


_ Fic. 3. The dependence of the sedimentation coefficient, s20.., 
in Svedbergs, on concentration at different pH’s. A-—-A cor- 
responds to experiments in a phosphate buffer at pH 7.6 and 0.2 
ionic strength or a pyrophosphate buffer at pH 7.3 and 0.06 ionic 
strength; and O-——O refers to experiments in a pyrophosphate 
buffer at pH 8.7 and 0.09 ionic strength. 
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RESULTS AND DISCUSSION 


Kinetics of Digestion of Insulin by Chymotrypsin—Fig. 1 shows 
representative ultracentrifuge patterns of the digestion mixture 
at specified times after the addition of the enzyme. Included 
in the figure are the length of the incubation time at 30° and 
the sedimentation coefficients as measured from the maximum 
ordinates of those patterns which exhibited boundaries §suffi- 
ciently resolved so as’to permit reliable calculations. The 
ultracentrifuge patterns show clearly that the fast (initial) com- 
ponent disappears progressively during the reaction, being re- 
placed by much more slowly sedimenting material. This latter 
material possesses sedimentation properties characteristic of 
materials with a molecular weight in the neighborhood of 1,900 
to 2,700. It is of considerable interest to note that the slow 
component formed early in the reaction has the same sedimenta- 
tion coefficient as the final product. Moreover, within the limits 
of the experimental method, the fast component has the same 
sedimentation coefficient as the initial material. Although 
qualitative analysis of the patterns does not preclude the presence 
of macromolecules of intermediate size in the reaction mixture, 
the lack of variation of the sedimentation coefficients throughout 
the course of the digestion is strongly indicative that any such 
intermediates must have only a fleeting existence. This view 
gains more positive support from the results of the fractionation 
experiments, to be presented later, which demonstrate that the 
large and small components isolated from the partially digested 
insulin do indeed possess physical properties essentially indistin- 
guishable from insulin and the final products, respectively. The 
results from this kinetic study are summarized in Fig. 2, which 
presents, as a function of time, the sedimentation coefficients 
of the fast and slow components along with the number of bonds 
broken per molecule. During the early stages of the digestion, 
the slow component was detectable only as a shoulder in the 
ultracentrifuge patterns and the sedimentation coefficient could 
not be estimated accurately. Similarly during the later stages, 
the rate of migration of the fast component could not be measured 
even though its presence in small amount was indicated by the 
ultracentrifuge patterns. 

To some extent the lack of variation of the sedimentation 
coefficient of the fast component throughout the digestion is the 
fortuitous result of the cancellation of two opposing effects. 
Solutions of insulin are known to exhibit association-dissociation 
equilibria, involving aggregates of the fundamental 6,000 molec- 
ular weight fragment, and the average molecular weight depends 
on pH, ionic strength, and concentration of insulin (23-32). At 
pH values above 7.5 and below 4.0, the sedimentation coefficient 
decreases upon lowering the concentration. Therefore, the 
sedimentation coefficient of the fast component should decrease 
as its amount diminishes during the digestion. However, the 
association equilibria are also markedly affected by pH, with the 
degree of aggregation generally being greater at a pH of 7.5 than 
at 8.5. Evidence for this is presented in Fig. 3, which gives the 
concentration dependence of the sedimentation coefficient for 
several values of pH. These data were obtained because it was 
found that the pH of the digestion mixture decreased slowly as 
peptide bonds were broken with the final pH being about 7.4. 
As seen from Fig. 3, a decrease of pH should cause 820, to in- 
crease. Presumably the effects of the decrease in pH and lower- 
ing of the concentration offset one another with the result that 
the sedimentation coefficient of the fast component remained 
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constant. In a few experiments with phosphate buffers of pH 
about 8 and ionic strengths varying from 0.1 to 0.5 (so that the 
pH remained constant) 820, ,, of the fast component did not deviate 
with time from the initial value of 3.35. We can conclude from 
these studies that the fast component, whenever detected 
throughout the enzymatic digestion, possesses the sedimentation 
properties of insulin. Furthermore, reaction products inter- 
mediate in size between the initial substrate and end products 
were not detectable. These results seem incompatible with 
either the zipper or intermediate mechanisms and strongly sug- 
gest that this is an example of the one-by-one type. 

Isolation and Characterization of Components Observed during 
Digestion—Ultracentrifuge patterns already presented suggest 
that the digestion of insulin by chymotrypsin occurs without 
the formation of stable intermediates. Their presence could 
not, however, be excluded by cursory examination of such pat- 
terns alone, nor could the identity of the large and small compo- 
nents be positively established from the patterns alone. In 
order to permit characterization of the products of the digestion, 
the mixture, after about 35% of the bonds susceptible to chymo- 
trypsin had been broken, was subjected to the fractionation 
procedure already described. 

Fig. 4 shows the ultracentrifuge patterns of the two fractions. 
For each material a single symmetrical boundary was observed 


with no evidence of contamination of one component by the — 


second. The recovered precipitate and undigested insulin were 
also subjected to column chromatographic analysis. The pat- 
terns and the distribution constants were very similar although 
the distribution curve for the recovered precipitate did not have 
the shoulder which seems to be characteristic of most samples of 
insulin (22). When the recovered (precipitated) material was 
subjected to chymotryptic attack, the pattern of degradation 
as revealed by ultracentrifugal analysis at various stages was 
identical to that illustrated by Fig. 1. This shows that the 
starting material was not a mixture of proteins differing in their 
susceptibility to chymotryptic digestion. Further evidence 
identifying the recovered material as insulin was derived from 
end group studies. Only the N-terminal amino groups found in 
insulin were detected and in amounts which are in excellent 
agreement with results on undigested insulin. The chemical and 
physical studies are summarized in Table I. Data for insulin 
are presented for comparison. Also included in the table are the 
results of the assays of the biological activity. All of these data 
indicate that the large molecular weight material isolated from 
the partial digest is identical to insulin. Therefore we can con- 
clude that in the mixture described above about 35% of the pro- 
tein molecules had been completely digested and the remainder 
were undigested, native insulin. This, of course, is the criterion 
of a one-by-one reaction. 

The supernatant fraction possessed a lower sedimentation 
coefhicient than that observed for the low molecular products 
found at the end of the digestion process. This difference (0.5 8 
as compared to 0.6 8), which is greater than the experimental 
errors encountered in such measurements, is probably attribut- 
able to slight aggregation of the digestion fragments as they 
accumulate during the conversion of insulin into low molecular 
weight polypeptides. Evidence for this aggregation was pro- 
vided by viscosity measurements which showed an abrupt 
increase in viscosity late in the reaction. At the end of the di- 
gestion period the reaction mixture had gelled in the manner ob- 
served frequently with aggregating systems. Despite this, the 
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Ultracentrifuge Patterns of Fractions Isolated 
from a Partial Digest of Insulin 


Precipitote 


340 


Fic. 4. Ultracentrifuge patterns of the fractions obtained from 
a digestion mixture in which about 35% of the susceptible bonds 
were broken. Left, pattern of the supernatant fraction 32 min- 
utes after reaching a speed of 59,780 r.p.m. Solution contains 
about 0.5 g/100 ml in a phosphate solution at pH 5.5. Right, pat- 
tern of the precipitated material after dissolution in a phosphate 
buffer at pH 7.6. Sedimentation is toward the right and the sedi- 
mentation coefficients in Svedbergs are shown beneath the pat- 
terns. 


TABLE lI 


Comparison of properties of insulin with those of large molecular 
weight fraction isolated from partial chymotryptic digests of 


insulin 
Insulin 
in Svedbergs................ 3.374 
Distribution constant............ 0. 105° 0.099 
0.096 
Activity in units per mg’........ 11 13 
N-Terminal amino groups per 
6000 grams? 
phenylalanine................. 0.81 0.99 


* Sedimentation measurements were made in 0.2 » phosphate 


buffer at pH 7.6. 
®’ The recovery from the column was 85% in one experiment and 


90% in the other. 

¢ The activity is lower than that usually found for insulin, but 
no explanation for this observation is available. 

4 ],ysine was also measured as the e-dinitrophenyl derivative 
and the values 0.99 and 0.85 mole per 6000 g were obtained for the 
recovered precipitate and insulin, respectively. No other N- 
terminal amino acids were detected. 


bulk of the digestion products had a sedimentation coefficient 
of only 0.68. It is of interest to note that a sedimentation coeffi- 
cient of 0.5 8 corresponds to a molecular weight of 1900 to 2100. 
For this calculation of the molecular weight from the sedimenta- 
tion coefficient it was assumed that the frictional factor was 1.1. 
It is unlikely that the frictional ratio was much larger than this, 
since the viscosity of the solutions throughout the first half of 
the digestion period corresponded to that found for globular 
proteins. The value of the molecular weight inferred from the 
sedimentation measurements is in accord with the weight average 
molecular weight, 1940, calculated from the structure of insulin 
and the observed action of chymotrypsin on the oxidized and 
separated A and B chains of insulin (7,8). In this latter calcula- 
tion it was assumed that the peptide bond between tyrosine and 
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cystine in the A chain of unoxidized insulin was not hydrolyzed. 
Allowing for this break would cause the calculated value to be 
decreased somewhat (see (10)). It appears, from a comparison 
of the molecular weight calculated from the structure and the 
known action of chymotrypsin on the one hand, and the value 
deduced from the sedimentation studies on the other, that the 
digestion fragments do not associate to form much larger parti- 
cles. In this respect the terminal polypeptides are to be con- 
trasted with the native insulin molecules of molecular weight 
6,000, which associate markedly to give aggregates with weights 
as high as 48,000. 

Specificity of Chymotrypsin toward Insulin—From measure- 
ments of the amount of phenylthiohydantoins recovered from 
the control and digested solutions, it was estimated that chymo- 
trypsin had cleaved on the average three peptide bonds per 
molecule (6,000 molecular weight) of insulin. Identification of 
the amino acids generated from the phenylthiohydantoin deriva- 
tives showed, as expected from the structure of insulin, only 
glycine and phenylalanine as N-terminal amino acids in the 
control (undigested insulin). In addition to those amino acids, 
glutamic acid, tyrosine, valine, leucine, and serine were found as 
N-terminal amino acids in the digested sample. Also diamino- 
butyric acid, presumably derived from the phenylthiohydantoin 
of threonine, was identified. The presence in the digest of the 
N-terminal residues of glycine, phenylalanine, glutamic acid, 
tyrosine, valine, leucine, and threonine are expected on the basis 
of the structure of insulin (7, 8) and the demonstrated specificity 
of chymotrypsin in experiments with model substrates (11, 12). 
Therefore, to a large extent, the expected (susceptible) bonds 
were indeed attacked. 

As found previously by Sanger and Thompson (8) in studies 
on the oxidized and separated A chain of insulin, serine was 
liberated as an N-terminal residue, presumably the result of a 
nonspecific attack by chymotrypsin. The detection of the 
cleavage between the cystine residue and serine in the intact 
insulin is of interest in view of the suggested interpretation (33) 
that the susceptibility of that bond in the oxidized A chain may 
be due in part to a N- to O-acy] migration during the preparation 
of the polypeptide. This migration in intact insulin not sub- 
jected to acid is unlikely, and the action of chymotrypsin at the 
site between cystine and serine must be attributed to influences 
of other parts of the protein molecule. Such an effect would be 
difficult to simulate in model substrates of low molecular weight. 

In their experiments, Sanger et al. (7, 8) found as N-terminal 
groups the cysteinyl residue (as cysteic acid) but not valine, 
whereas the converse was observed in our experiments with 
unoxidized insulin. The absence of N-terminal cystine in our 
studies could be due, on the one hand, to the inability of chymo- 
trypsin to attack the bond between tyrosine and cystine (in the 
A chain) when the disulfide bonds are intact. On the other hand, 
even if the peptide bond had been hydrolyzed, N-terminal 
cystine would not have been found because the phenylthio- 
hydantoin derivative would not be released if one-half of the 
cystine is still part of a polypeptide chain. The presence or 
absence of N-terminal valine could depend on the absence or 
presence of a neighboring carboxyl group since it is known that 
chymotrypsin is inhibited in the hydrolysis of peptide bonds in 
the vicinity of free carboxyl groups. Thus the oxidized B chain 
of insulin may not yield N-terminal valine after chymotryptic 
action because of the presence of the free carboxyl group of 
aspartic acid (B-3), whereas intact insulin contains asparagine 
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at that position in the polypeptide chain. This inhibition of 
chymotrypsin by neighboring free carboxyl groups was offered 
as an explanation by Sanger and Tuppy (7) for the inability of 
the enzyme to cleave the bond between the phenylalanine resi- 
dues in the B chain. In this position of the chain, chymotryptic 
action is complicated by the three adjacent aromatic residues; 
the cleaving of one of the two susceptible bonds releases the 
carboxy] group of either tyrosine or phenylalanine which in turn 
inhibits the attack on an otherwise susceptible bond. For this 
reason, although both tyrosine and threonine should be made 
N-terminal by chymotryptic attack, both may not be released 
from the same insulin molecule. This would account for the 
observation that only about three bonds were cleaved per insulin 
molecule, although there are in the separated chains four principal 
sites of chymotryptic action. It should be recognized, of course, 
that the number of N-terminal residues may be underestimated 
due to the losses incurred in the preparation of the phenyl- 
thiohydantoins. Moreover, the ninhydrin color produced by 
the digest is only about 75% of that expected on the basis of 
the yield of phenylthiohydantoins. Therefore, the increase of 
ninhydrin color with increasing time of digestion gives only an 
estimate of the actual number of peptide bonds broken. Al- 
though minor sites of chymotryptic attack are revealed by the 
detection and identification of the appropriate N-terminal amino 
acid residues, the total yield of the phenylthiohydantoins would 
not indicate their presence in the digest. 

These qualitative results show that chymotrypsin degrades 
intact insulin molecules to approximately the same extent as 
that observed with the oxidized and separated A and B chains. 
With only minor exceptions the specificity of chymotrypsin to- 
ward the peptide bonds in insulin is the same as that found with 
synthetic substrates. 

Considerations on Mechanism of Enzymatic Degradation—Still 
unresolved by these experiments are the details of the initial 
action of chymotrypsin. Does the enzyme act as a dissociating 
or denaturing agent by altering the secondary or tertiary 
structures of insulin before the endopeptidase action; does chymo- 
trypsin operate directly on the peptide bonds in the aggregated 
structure to produce fragments which then dissociate; or does 
the enzyme attack only the monomers the equilibrium concentra- 
tion of which is maintained by the rapid dissociation of the higher 
aggregates? 

Under the experimental conditions employed here, the insulin 
molecules are predominantly in an aggregated form with a molec- 
ular weight about 3 xX 104. Most data on the association- 
dissociation equilibria of insulin (26, 29) indicate that the inter- 
conversions among the various aggregates are rapid. It therefore 
seems unlikely that the degradation pattern shown in Fig. 1 can 
be attributed to a sequence of reactions involving a rate-deter- 
mining dissociation to monomers which are then degraded 
rapidly through endopeptidase action. Some reservations are 
required, however, since data are not available on the rate of 
dissociation of the insulin aggregates (to monomers) under the 
experimental conditions employed in our studies. Indeed there 
is no evidence that the 6,000 molecular weight unit exists per se 
at the pH and ionic strengths used for the chymotryptic diges- 
tion. This hypothesis could be modified, of course, by assuming 
that the 12,000 molecular weight unit (dimer) is the susceptible 
substrate, but data on the rate of its formation by dissociation 
of higher aggregates are lacking. Thus this mechanism is not 
subject to test without additional data. 
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Alternative mechanisms also could lead to the observed pattern 
of degradation. On the one hand, chymotrypsin may be incapa- 
ble of attacking the insulin aggregates directly. In that case 
the degradation of insulin may involve the slow disappearance 
of the monomers by direct peptidase action followed by the 
re-establishment of the equilibrium concentration of the mono- 
mers due to the rapid dissociation of the aggregates. At the 
other extreme, the enzyme may cause the slow rupture of peptide 
bonds in the aggregates followed by the rapid dissociation of the 
resulting fragments. The latter scheme is somewhat similar to 
that detected in the enzymatic breakdown of deoxyribonucleic 
acid by deoxyribonuclease (5, 6, 34). Here the enzymatic rup- 
ture of the primary, backbone structure proceeds until the molec- 
ular weight of the substrate is reduced to 5 X 10‘ (from an 
initial molecular weight of about 5 xX 10°). Then dissociation 
of noncovalently bonded fragments occurs since the secondary 
forces holding the polynucleotides together can no longer compete 
with thermal energy. 

The data available at present do not permit us to differentiate 
among the alternative mechanisms outlined above. Nor can a 
decision be made with regard to a reaction sequence involving 
an unfolding or swelling of the insulin molecules (without a 
change in molecular weight) as the initial effect of the enzyme 
prior to its endopeptidase action. If such a denatured product 
forms initially, its subsequent hydrolysis to small polypeptides 
must be very rapid, for the viscosity of the solution remains at 
a low value throughout the first 5 hours of the reaction. The 
reduced viscosity, Nsp/c, was between 2.8 and 3.0 ml per g, where 
Nap is the specific viscosity and c is the concentration in g per ml. 
This viscosity behavior can be contrasted with the results ob- 
tained during the peptic digestion of ribonuclease (35). In this 
instance the viscosity increased initially due to the formation of 
intermediates. As these were degraded by further peptidase 
action the viscosity fell to a low value. 

It is of interest to note the similarity of the results presented 
above with those obtained by Labeyrie and de Mende (36) in 
their investigation of the tryptic digestion of B-lactoglobulin. 
During the progressive conversion of the protein into acid soluble 
peptides the sedimentation coefficient of the fast component 
remained unchanged and had a value equal to that observed for 
8-lactoglobulin. Also, the electrophoretic mobility of the com- 
ponent which decreased in amount was not altered and corre- 
sponded (at 2 different pH values) to that of the undigested 
protein. No attempt was made in these studies to demonstrate 
that the peptides formed initially had the same size as those 
obtained as the final products of the proteolysis. The authors 
did point out, however, that products of size intermediate be- 
tween the protein and the resulting peptides did not accumulate 
during the progressive degradation of the substrate. These 
results, obtained under only one set of experimental conditions, 
show that the degradation is of the one-by-one type. Earlier 
studies under different conditions (1, 3, 4, 37) indicate that the 
pattern of degradation may be altered depending upon the 
temperature. Interpretation of these findings will have to await 
further investigations regarding association-dissociation equilib- 
ria in solutions of B-lactoglobulin, since it has been found re- 
cently (38) that the molecular weight (35,000) customarily as- 
signed to this protein really corresponds to a dimer of the funda- 
mental unit. 
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SUMMARY 


The kinetics of the action of chymotrypsin on insulin has been 
examined by means of ultracentrifugal analysis. Peptides of 
average molecular weight about 2,000 are found as the final 
product of the degradation of the protein which initially is in 
an aggregated state with a molecular weight approximating 3 x 
10‘. During intermediate stages two boundaries are observed; 
the sedimentation coefficients corresponding to these two bound- 
aries remain constant throughout the degradation as the amount 
of the fast component decreases and the slow component is 
formed. The lack of variation of these sedimentation coeffi- 
cients, 0.6 S for the slow and 2.7 S for the fast, along with the 
absence of indication in the ultracentrifuge patterns of compo- 
nents with intermediate sedimentation coefficients, suggests that 
an insulin molecule once attacked by the enzyme is completely 
degraded to its final peptide fragments. Further support for 
this conclusion is provided by analysis of the two fractions ob- 
tained by precipitation of part of the material at pH 5.5 after 
about 35% of the susceptible bonds are broken. The soluble, 
low molecular weight fraction isolated in this manner possesses 
the same sedimentation properties as completely digested mate- 
rial. Furthermore, the precipitated material appears to be 
identical to native insulin with respect to sedimentation behavior, 
partition constant in column chromatography, biological activity, 
N-terminal amino groups and mode of breakdown by chymo- 
trypsin. It thus appears that partially digested insulin contains 
molecules which are completely digested, on the one hand, and 
others which are still not attacked by the enzyme. This is 
characteristic of the one-by-one mechanism which implies that 
the first step in the enzymatic attack is the slow step and that 
the rupture of one or more strategic bonds in the substrate 
renders the macromolecule more susceptible to endopeptidase 
action. These studies are complicated by the existence of 
reversible association-dissociation equilibria in solutions of 
insulin, and details of the initial action of the enzyme cannot be 
elucidated until additional data become available. From analy- 
sis of the N-terminal amino acids produced during the reaction, 
it is shown that the enzyme attacks predominantly the same 
bonds in intact insulin as were found previously to be hydrolyzed 
in the separated, oxidized chains of insulin. There appears to 
be a small amount of ‘nonspecific’ chymotryptic activity. The 
approximate molecular weight of the digested material, whether 
isolated during the reaction or obtained as the product of com- 
plete digestion, is in excellent agreement with the weight average 
value calculated from the structure of insulin and the demon- 
strated specificity of chymotrypsin. This finding indicates that 
the peptides do not show the aggregation characteristic of insulin 
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The susceptibility of ribonuclease to pepsin was demonstrated 
some time ago by Kunitz (1) and interesting conclusions about 
the structural basis of RNase activity have been derived from 
subsequent investigations by Anfinsen (2, 3). Since RNase is 
a single polypeptide chain (4) of 124 amino acids (5) held in a 
compact configuration largely through the restraint imposed by 
four disulfide bonds (4, 6, 7), it seemed that this protein would 
serve as an interesting model substrate for studies of the enzy- 
matic breakdown of macromolecules. Moreover such studies 
should reveal information about the relative roles of the primary, 
secondary and tertiary structures in a protein. 

In a previous paper (8) it was shown that the chymotryptic 
digestion of insulin proceeds by the one-by-one mechanism (9). 
No molecules of a size intermediate between the starting mate- 
rial and the polypeptides produced by exhaustive enzymatic 
treatment could be detected in the partial digest. In contrast, 
during the digestion of RNase by pepsin, intermediates were 
detected readily, and some of the properties of these molecules 
have been studied. It was found, for example, that partially 
digested RNase is still active in hydrolyzing ribonucleic acid and 
that the enzymic activity resides in molecules substantially 
smaller than the intact molecules. Further degradation causes 
a loss in activity leading ultimately to polypeptide fragments 
with a molecular weight about 4,000 (as compared to 13,683 (5) 
for native RNase). During the early stages of the degradation 
of RNase some of the disulfide bonds become more susceptible 
to reduction than are the relatively inaccessible disulfide bonds 
of native RNase. The digestion appears to be an example of 
the zipper mechanism described by Linderstrém-Lang (10). 


EXPERIMENTAL 


Materials and Methods 


Armour Lot No. 381-059 RNase, crystalline and of bovine 
origin, and Worthington Biochemicals Laboratory Lot No. PD 
12 pepsin, twice crystallized from dilute ethanol, were used for 
most of the experiments. In order to demonstrate that the 
results were not limited to a single preparation of the enzyme or 
substrate, certain experiments were repeated with different 
preparations of RNase obtained from Worthington Biochemi- 
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cals Laboratory and a pepsin sample from Armour Laboratories 
which was kindly donated by Dr. C. B. Anfinsen. 

Most of the digestion experiments were performed at pH 2.1 
to 2.2 and 25.5° with concentrations of 11.4 mg per ml and 0.1 
mg per ml for the RNase and pepsin, respectively. Other di- 
gestion mixtures, from which some of the data in Tables II and 
III and Fig. 3 were obtained, were incubated at temperatures 
of 22 to 23°. The loss of RNase activity under these conditions 
was compared with the inactivation produced by peptic diges- 
tion at pH 1.6 and 37°, with a pepsin concentration of 0.01 mg 
per ml. The usual solvent for the digestion was 0.01 m HCl. 
At the desired times the digestion was terminated by the addi- 
tion of a stock buffer to an aliquot of the digestion mixture, 
yielding a pH of 6.8 and an ionic strength of 0.14. Physical 
chemical measurements were generally performed on such ad- 
justed samples in which the concentration of RNase (or its deg- 
radation products) was 5 to 10 mg per ml in a buffer containing 
0.108 m NaCl, 0.0088 m NaesHPO,, and 0.0088 m NaH2PQO,. 
Control solutions of RNase were prepared either directly in the 
desired buffer or by dissolving the protein in 0.01 m HC! followed 
by the adjustment of the pH and ionic strength to the above 
conditions. 

The effect of heating RNase in the absence and presence of 
2-mercaptoethanol was examined with regard to changes in 
physical properties, reduction of disulfide bonds, and loss of 
nuclease activity. Experiments were performed at pH 2 in HCl 
solutions or H;PO-NaH2PO, buffers of low ionic strength (0.02) 
containing 2-mercaptoethanol in concentrations ranging from 
0.02 to 0.20 m. Control solutions did not contain 2-mercapto- 
ethanol. The heating was done in tightly stoppered tubes 
placed in a boiling water bath for 15 minutes. Preliminary 
heating experiments at higher pH values produced gels and tur- 
bid solutions, thereby preventing the use of such controls. 
Physical chemical measurements were made after the solutions 
had been cooled rapidly to room temperature and aliquots had 
been diluted to appropriate concentrations. 

Partially digested RNase was exposed to the action of sulf- 
hydryl compounds in two different ways. (a) At a desired 
stage of digestion, cysteine hydrochloride was added to the 
reaction mixture maintained at pH 2.3. Since the rate of diges- 
tion at that time was slow, the effect of the reducing agent was 
revealed by the change in viscosity of the solution. (6) Alterna- 
tively, the peptic digestion was terminated by adjusting the 
pH of the digest to 6.8; then 2-mercaptoethanol was added to a 
concentration of 0.1 mM. In the latter experiments the molecular 
weight, viscosity, average sedimentation coefficient determined 


’ 
’ 


- 


both from the optical patterns and from activity measurements, 
and RNase activity were evaluated before and after the addition 
of 2-mercaptoethanol. 

Ultracentrifugal analyses of the digests were made usually 
within 3 hours after the aliquots were removed from the reaction 
mixture and their pH adjusted to 6.8. Sedimentation velocity 
experiments were performed in a synthetic boundary cell (11) 
according to the procedure described in a previous paper (8). 
For the denaturation studies at low pH, a plastic synthetic- 
boundary cell was employed. In those experiments involving 
estimation of the size of the active fragments produced during 
the digestion, the separation cell of Yphantis and Waugh (12) 
was used according to their recommendations. With this cell, 
the contents can be fractionated after any desired time of sedi- 
mentation since deceleration of the rotor to about 2,500 r.p.m. 
causes the separating plate to move from the bottom of the cell 
to its rest position at the center. From assays of the original 
solution and the fraction removed from the cell above the bar- 
rier, a weight average sedimentation coefficient of the active 
material is calculated. Even though active units of different 
sizes may be present in the solution this method yields the 
weight average sedimentation coefficient of all the molecular 
species exhibiting nuclease activity. It is necessary, however, 
that the ultracentrifuge experiments be of a duration sufficiently 
short that a plateau region (containing all components) still 
exists at the level of the separating plate at the time fractiona- 
tion is accomplished. For this reason the total times of sedi- 
mentation were restricted to periods from 70 to 100 minutes. In 
these experiments the protein concentration was 1 to 2 mg per 
ml. The solution from below the partition was also recovered 
and analyzed, and it was found that the total recovery of the 
active material was 96 to 100% in all experiments. Molecular 
weights were measured during the approach to sedimentation 
equilibrium by the Archibald method (13) as described else- 
where (14, 15). For all the calculations involving sedimenta- 
tion data, a value of 0.695 ml per g was used as the partial 
specific volume (16). 

Viscosity measurements were made in an Ostwald viscometer 
with an average shear gradient of 265 sec.—! and an outflow time 
of 108.41 seconds for 1 ml of water. Measurements were made 
at 25.5° + 0.003°, and outflow times were determined with a 
Standard Electric Time Company clock which makes one revolu- 
tion per second and can be read directly to 0.01 second. The 
average of five determinations was obtained for each sample; 
seldom did the independent readings differ by more than 0.04 
second (17). To calculate relative viscosities, 4/no, where 7 
and mo are the viscosities of the solution and solvent, respec- 
tively, the relative outflow times were multiplied by the relative 
densities. The latter were calculated from the measured con- 
centration of solute and the partial specific volume on the basis 
of the assumption that the volumes of the solute and solvent 
were additive. All viscosity results are reported as reduced 
viscosities, 7.»/c, where 7, is the specific viscosity and c is the 
concentration in g per ml, or as intrinsic niscosities, [y], ex- 
pressed as ml per g. Control solutions of RNase were meas- 
ured at the same pH as the partially digested material or the 
denatured (heat treated) RNase since the viscosity of RNase is 
dependent upon pH. Measurements of the viscosities of solu- 
tions of RNase at different ionic strengths and pH values showed 
that the variations with pH were reversible. 

Diffusion coefficients were measured in a quartz microcell 
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(2 ml capacity) with a Spinco model H electrophoresis-diffusion 


apparatus. All boundaries were formed by layering the appro-. 


priate solvent over a solution of the protein at a concentration 
of 5 mg per ml. This was followed by the careful withdrawal 
of liquid from the region of the boundary through a long, thin 
stainless steel needle connected to a motor driven syringe. The 
boundary sharpening procedure is described in detail elsewhere 
(17, 18). Photographs of the Rayleigh interference fringe pat- 
terns were used for the evaluation of diffusion coefficients in the 
manner devised by Longsworth (19). The values calculated 
from different pairs of fringes were in close agreement with one 
another with a spread no greater than 1%. 

RNase activity was determined at pH 5 by the procedure of 
Anfinsen et al. (4) utilizing yeast ribonucleic acid as a substrate. 
The ribonucleic acid (Schwarz sodium nucleate) was first dia- 
lyzed exhaustively; the fraction remaining was found to be 
95% precipitable before treatment with RNase. Amino nitro- 
gen values determined by the method of Moore and Stein (20) 
provided a measure of the number of peptide bonds broken 
through peptic action. In the calculation of the bonds broken 
per molecule of RNase, a molecular weight of 13,683 was em- 
ployed (5). 

The reduction of disulfide bonds in RNase by treatment with 
2-mercaptoethanol was measured in two ways. (a) A solution 
of RNase at 10 mg per ml, which had been heated with 0.02 m 
2-mercaptoethanol at pH 2 was made 0.1 m in p-chloromercuri- 
benzoate and then placed in a shaker overnight. Although the 
solubility of p-chloromercuribenzoate under these conditions is 
low, reaction with sulfhydryl] groups did occur. After removing 
the insoluble p-chloromercuribenzoate by filtration, the solution 
was dialyzed extensively against distilled water. The dialysis 
tubing was heated to 80° before use so as to decrease its permea- 
bility and therefore to reduce the loss of RNase through the 
casing. After lyophilization, the material was dried further in a 
vacuum over CaCl, The derivative of the reduced RNase was 
dissolved in 0.01 m acetate buffer at pH 4.6, and the protein 
concentration was evaluated by nitrogen (Kjeldahl) analysis. 
The number of sulfhydry] groups in the reduced protein was 
then estimated from mercury analyses and from the increase in 
the ultraviolet absorption of the protein (21). Solutions of this 
derivative were also examined in the ultracentrifuge at a con- 
centration of 0.1 mg per ml. Because of the enhanced absorp- 
tion of the p-mercuribenzoate derivative the sedimentation was 
observed readily by the use of ultraviolet absorption optics. (6) 
The N-ethylmaleimide titration of Tsao and Bailey (22) was 
also used for the determination of sulfhydryl groups produced 
by heating RNase in the presence of 2-mercaptoethanol. The 
heated, reduced protein was precipitated by 2.0 m trichloroacetic 
acid, washed free from excess reducing agent with trichloro- 
acetic acid, and then dissolved by the addition of a 0.1 m acetate 
buffer (pH 4.6) saturated with guanidine hydrochloride. The 
reduced RNase, free from excess reducing agent, was titrated 
directly with 0.00194 m N-ethylmaleimide. 


Kinetics of Digestion of RNase by Pepsin 


Representative patterns from ultracentrifuge experiments at 
different stages of the enzymatic digestion are shown in Fig. 1. 
In all experiments, a single, symmetrical, diffuse boundary was 
observed, in contrast to the patterns observed during the chymo- 
tryptic breakdown of insulin (8). Sedimentation coefficients 
calculated from such experiments decreased continuously, as 
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peptide bonds were broken, approaching the value, 0.7 8, when 
about nine bonds were broken per molecule. Despite this ap- 
preciable change in sedimentation coefficient, a result at variance 
with previously published conclusions (23), one cannot deter- 
mine from cursory inspection of the patterns and sedimentation 
data whether the partially digested material consisted of both 
native and completely digested molecules or whether all of the 
molecules had been attacked to about the same degree. More- 
over, these data did not reveal whether the molecular weight 
had decreased owing to the peptic digestion. 

To provide information relevant to these two points, a mix- 
ture of equal parts by weight of digested (seven bonds broken 
per molecule) and native RNase was examined in the ultra- 
centrifuge. The resulting, single boundary was not symmetri- 
cal; from the patterrs a sedimentation coefficient of 1.6 S was 
determined. In contrast, the patterns obtained for all of the 
species present in the digest when about four bonds were broken 
per molecule showed a symmetrical boundary coresponding to 
a sedimentation coefficient of 1.2 5. It should be noted that 
resolution into two boundaries in the reconstruction experiment 
was not achieved because of the large diffusion coefficients and 
the small difference in sedimentation coefficients between the 
native (1.8 8S) and digested material (0.9 S). Nonetheless the 
shape of the boundary was found to coincide with curves calcu- 
lated for a mixture of native RNase and low molecular weight 
peptides. If theoretical curves for a mixture of RNase ard 
digested material of the same molecular weight were compared 
to the experimental curves, marked discrepancies were apparent. 
From these studies alone, it is apparent that there was a large 
decrease in molecular weight during the digestion and that the 
mechanism of enzymatic digestion did not conform to the one- 
by-one type. Further evidence of a more direct nature follows. 

Fig. 2 presents sedimentation and viscosity data as a function 
of the average number of peptide bonds broken per molecule of 
RNase. Also included are the results of the assays of RNase 
activity at different stages of digestion. It is important to note 
that the viscosity increased during the early stages, attaining 
a maximum value when about two bonds per molecule are 
broken. Later the viscosity fell slowly to a value slightly 
greater than that observed for undigested RNase at pH 2. This 
finding of a maximum viscosity during intermediate stages of 
the enzymatic breakdown of RNase is further evidence that the 
partially digested material is not a mixture of native RNase 
molecules, on the one hand, and completely digested polypep- 
tides, on the other. Such a mixture would possess a viscosity 
intermediate between those found for each of the two solutions 
when measured independently. Partially digested material of 
high molecular weight, however, could have a higher viscosity 
if the molecular configuration is such that the molecules are 
either more swollen or more anisometric than the starting ma- 
terial. 

Calculations of molecular weights from the viscosity and 
sedimentation data presented in Fig. 2 are hazardous, not only 
because the viscosity measurements were made at pH 2 whereas 
the sedimentation data were obtained at pH 6.8, but princi- 
pally because the polydispersity of the mixture may ke such 
that those species which are responsible for the high viscosity 
may be small in total amount and appropriate weighting of the 
different species would be difficult. Nonetheless, preliminary 
calculations of the molecular weight at every stage were made 
for ellipsoidal models which were only slightly hydrated. To 
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KINETICS OF RIBONUCLEASE DIGESTION BY PEPSIN — 


Bonds Broken per = ry | 
Molecule RNase 0 25 47 
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Bonds Broken per 


Molecule RNase 89 
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Fic. 1. Representative ultracentrifuge patterns at various 
stages of the digestion of RNase (1.0 g/100 ml) by pepsin. Each 
picture is a pattern observed at 40 to 60 minutes after reaching a 
speed of 59,780 r.p.m. All boundaries were formed at low speed 
in a synthetic boundary cell and are moving to the right. The 
number of bonds broken per molecule and the sedimentation co- 
efficients are recorded beneath the pictures. The reaction was 
stopped for each ultracentrifuge run, and the analyses were per- 
formed at pH 6:8. 


Kinetics of Digestion of Ribonuclease By Pepsin 
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Bonds Broken per Molecule 


Fic. 2. Changes produced during the digestion of RNase by 
pepsin. The viscosity, W, sedimentation coefficient, @ and 
MW, and RNase activity, O, are plotted as a function of the 
number of peptide bonds broken per molecule of RNase during the 
digestion at pH 2.1 and 25.5°. Viscosity measurements performed 
at pH 2 are reported as reduced viscosities, 7.,/c, in ml per g; sedi- 
mentation coefficients, given as Svedbergs, were measured at pH 
6.8; nuclease activities are reported as per cent of the original 
activity as determined by the assay described in the text; and 
bonds broken were evaluated by the ninhydrin reaction. The 
sedimentation measurements were made on aliquots from differ- 
ent incubation mixtures. Those indicated by @ were from a 
single kinetic study. 


furnish additional data on the molecular weights, certain sam- 
ples were subjected to diffusion experiments, data from which 
permitted calculations of a molecular weight which are not de- 
pendent on assumptions as to shape or hydration. Finally, 


weight average molecular weights were determined directly by 
the Archibald method (13-15, 17) which has been shown to 
vield correct results with known mixtures (15). The results of 
the latter determinations are presented in Fig. 3 as a plot of 
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Bonds Broken per Molecule 


Fic. 3. The change in weight average molecular weight during 
the digestion of RNase by pepsin as a function of the number of 
peptide bonds broken per molecule. Molecular weights were 
determined by the Archibald method. Experiments were con- 
ducted in a phosphate-sodium chloride buffer of pH 6.8 and ionic 
strength 0.14. For each experiment several independent patterns 
were evaluated and the results were averaged. The precision of 
the results is indicated by the length of the lines corresponding to 
each molecular weight determination. 


weight average molecular weight versus the average number of 
peptide bonds hydrolyzed per molecule of RNase. (Fair agree- 
ment was obtained by the other two methods mentioned above.) 
The molecular weight decreased markedly during the digestion, 
but it is important to note that the decrease was not a linear 
function of the number of bonds broken by pepsin. Such ki- 
netic evidence is incompatible with a mechanism of the one- 
by-one type. Furthermore, the slow decrease in molecular 
weight during the early stages of the enzymatic digestion indi- 
cates that thefnitial peptic action must involve bonds situated 
principally within cyclic structures made up of the backbone 
polypeptide chain and disulfide bonds. Such hydrolytic at- 
tacks on the backbone structure, though they do not cause a 
decrease in the weight unless one or more disulfide bonds are 
also broken, may produce a configurational change in the macro- 
molecules. That such an alteration occurred is revealed by the 
decrease in the sedimentation coefficient and the increase in 
the viscosity. The physical chemical data presented in Figs. 2 
and 3 are compatible with the known structure of RNase, a 
single chain with four disulfide bridges (4), and with the action 
of pepsin on oxidized RNase, as inferred from the identification 
of some of the peptides released after prolonged digestion (24— 
26). For such a structure a lag period is to be expected during 
which the molecular weight decreases slowly, if at all, while the 
first peptide bonds are ruptured. Similar behavior has been 
observed for the breakdown of deoxyribonucleic acid by deoxy- 
ribonuclease (27-29). 


Inactivation of RNase During Peptic Digestion 


Activity measurements conducted on aliquots removed from 
the digestion mixture at different times (Fig. 2) showed only a 
slow decrease in nuclease activity as measured by the conversion 
of ribonucleic acid into acid soluble oligonucleotides. The de- 
crease in RNase activity shown in Fig. 2 was essentially a linear 
function of the number of bonds broken per molecule, a result 
similar to that found by Kunitz (1) for digestion at pH 2.0 and 
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5°. In other studies, under slightly modified conditions, the 
decrease in activity was relatively less; moreover it was not 
linear with the amount of hydrolysis. Despite slight variations 
in different studies the results demonstrate that a large fraction 
of the RNase activity persists even after three peptide bonds 
have keen broken through the action of pepsin. This is in 
conflict with earlier reports (2, 3) that limited peptic digestion 
of RNase, involving the rupture of only a single peptide bond 
and the release of a C-terminal tetrapeptide, produced complete 
inactivation. These discrepant results have been partially 
clarified by examining the inactivation of RNase during pep- 
tic digestion under different conditions of pH and temperature. 
That slight variations in experimental conditions can lead to 
different results is illustrated by the data in Table I. Almost 
90% of the activity was lost in one set of experiments (pH 1.6 
and 37°) as against a decrease of activity of only 30% in the 
other experiments (pH 2.2 and 25°). To obtain roughly equal 
amounts of proteolysis, the latter reaction was continued for a 
longer period of time until about the same number of peptide 
bonds were broken in each set of experiments. No direct evi- 
dence is available, at present, to show that the same peptide 
bonds were broken under the different conditions. The sedi- 
mentation coefficients and molecular weights (Table I) were the 
same after the two treatments. 

Since the digestion mixture retained a large fraction of the 
initial RNase activity even after the weight average molecular 
weight of the intermediates had decreased to about 10,000, it 
seemed likely that at least some of the products formed during 
the early stages of the proteolysis possessed nuclease activity. 
To test for the presence of active fragments the sedimentation 
coefficient of the active units was determined directly through 
the use of the separation cell in conjuction with nuclease assays 
of the fractions removed from the cell. Evidence that RNase 


activity resides in partially digested molecules, and not exclu- 


sively in undigested RNase, is presented in Table II. The re- 
sults are given for two separate studies (under slightly different 
conditions) in terms of the activity and the sedimentation 
properties of the solute molecules. As peptide bonds are hy- 
drolyzed, the RNase activity decreased slowly, a result already 
presented in Fig. 2. The sedimentation coefficient measured by 
optical means decreased markedly and continuously to give a 
final value of 0.88. But the sedimentation coefficient measured 
in the partition cell behaved differently. When only one or 
two bonds were broken, the sedimentation rate was about the 
same as that found for undigested RNase. Subsequent proteol- 
ysis, leading to progressive inactivation, caused the sedimenta- 


TABLE I 
Comparison of different conditions for digestion of RNase by pepsin 
RNase = 10 mg per ml; pepsin = 0.01 mg per ml. 


Bonds 
Incubation conditions broken r Soo .w 
molecule 
% S 
100 1.84 | 13,600 
37°; pH 1.6; time of diges- 
tion = 10 min........... 11 3.0 1.52 | 10,800 
25.5°; pH 2.2; time of di- 
gestion = 5hrs......... 68 2.6 1.55 | 10,600 


C 
Mw ING 
5,000 
P 
ti 
VE 
t 
| 
se 
ac 
b 
be 
t 
ac 
m 
| b 
m 
ch 
di 
ca 
m: 
| 
| se 
in 
ly 
Se€ 
oc 
res 
ex 
se 
m¢ 
1.€ 
ca 
| dig 
st 
the 
by 
(3 
hy 


ie 


January 1960 


TABLE II 


Sedimentation coefficient of active fragments produced during peptic 
hydrolysis of RNase " 


Incubation conditions r| Activity Optic: Activity 
molecule. | Temaining 
% S Ss 
pH 2.2 to 2.3, 22°, 11.4 mg 0 100 1.80 2.0 
per ml RNase and 0.10 1.2 100 1.73 2.0 
mg per ml pepsin 2.7 95 1.63 1.6 
4.2 82 1.36 1.5 
6.5 62 0.98 1.5 
8.5 26 0.80 
pH 2.1, 25.5°, 10 mg per ml 3.9 62 2.0 
RNase and 0.05 mg per 4.8 50 1.23 1.9 
ml pepsin 5.7 42 1.08 1.6 
6.7 30 1.7 
7.5 24 0.90 1.5 


tion coefficient of the active units to decrease rapidly to a final 
value of 1.58. After about six bonds are broken per molecule 
the material as a whole had an average sedimentation coefficient 
of only 1.0 S, but only those molecules in the solution with a 
sedimentation coefficient of 1.58 (or greater) possessed nuclease 
activity. As these latter molecules were broken down due to 
continued peptic digestion, the activity of the digest decreased; 
but the sedimentation rate of the active material did not fall 
below 1.5 S, since molecules with sedimentation rates less than 
that appear to be inactive. 

Although the variations found in the time course for the in- 
activation of RNase under the different experimental conditions 
may be due to altered peptidase action, indirect effects also must 
be considered because of the possible lability of the active inter- 
mediates. On the one hand, inactivation may be the result of 
changes in the secondary and tertiary structures subsequent to 
direct peptidase action. Alternatively, inactivation may be 
caused by direct peptidase action at the critical site which was 
made accessible to enzymic attack by a prior disruption of the 
secondary and tertiary structures. Despite the variations ob- 
served (see Tables I and II), in no case was there a complete loss 
in nuclease activity when only one peptide bond had been hydro- 
lyzed per molecule of RNase. End group analyses (2, 3, also 
see next section) have shown that the initial attack by pepsin 
occurs principally between the fourth and fifth amino acid 
residues from the C-terminal end of the chain. Preliminary 
experiments showed that the partially digested material (about 
one peptide bond broken per molecule) was only slightly more 
sensitive to heat at pH 2 than was undigested RNase. Al- 
though resistant to heat inactivation, these partially digested 
molecules may be disorganized sufficiently in structure at pH 
1.6 and 37° that subsequent direct peptidase action at the criti- 
cal site is feasible. At pH 2.2 and 25°, however, more extensive 
digestion may be required before the nuclease activity is de- 
stroyed either directly or indirectly. 

The digestion of RNase by pepsin shows some similarities to 
the effect of subtilisin on RNase. Limited proteolysis of RNase 
by subtilisin has been shown by Kalman et al. (30) and Richards 
(31, 32) to lead to enzymically active intermediates. Although 
hydrolysis of the peptide bond between the 20th and 21st amino 
acid residues (from the N-terminal end of the chain) did not 
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lead to a loss in nuclease activity, the subsequent separation of 
the polypeptide from the residual protein caused complete in- 
activation (33). The loss of diesterase activity in this case can 
be attributed presumably to an alteration of the configuration 
at the active site which was labilized by the hydrolysis of the 
single peptide bond and the separation of the polypeptide from 
the protein. Whether an analogous situation exists for the 
active intermediates produced by pepsin is not clear; further in- 
vestigations and fractionation of the contents of the digestion 
mixture are required. 


Characterization of Partially Digested RNase 


The existence of partially digested molecules capable of hy- 
drolyzing ribonucleic acid afforded an opportunity to investigate 
the location of the initial peptic attack in terms of the cyclic 
structures formed by the polypeptide chain in conjunction with 
the disulfide bonds. In the native molecules some of the disul- 
fide bonds are inaccessible to reduction by sulfhydryl reagents, 
and the addition of cysteine at pH 2.3 caused only a 15% increase 
in Np/c. However, limited peptic digestion produced structural 
alterations which permit cysteine, even at pH 2, to have a 
marked effect on the specific viscosity of the digest. The spe- 
cific viscosity, although slightly increased by restricted peptic 
digestion (about two bonds broken per molecule of RNase), is 
increased by 51% to a value of 7.4 ml per g upon the addition 
of cysteine. The rapidity of the change, shown in Fig. 4, indi- 
cates that most of the RNase molecules in the solution were 
susceptible to the effect of cysteine. A value of 7,,/c of 7.4 
ml per g, as compared with the initial value of 4.4 ml per g, sig- 
nified that the substrate molecules suffered either a change in 
shape or a large increase in hydrodynamic volume. Such a 
change in the configuration of the substrate molecules is the 
result of the removal of the constraint imposed on the polypep- 
tide chain by the disulfide bridges, leading to molecular chains 
folded in a less compact fashion. The subsequent decrease in 
viscosity upon continued pepsin action is merely a manifestation 
of the gradual decrease in the molecular weight of the digestion 
products. 

In order to study further the partially digested material with- 
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Fig. 4. The effect of cysteine on partially digested RNase. The 
reaction mixture, at 25.5°, contained 1.0 g of RNase and 0.01 g of 
pepsin per 100 ml of 0.02 m phosphate buffer at pH 2.3. After 
about two bonds per molecule were broken, the reaction mixture 
was made 0.02 m with respect to cysteine. Reduced viscosities in 
ml per g are recorded, A——A, as function of time. Also recorded 
in the figure are the number of bonds broken per molecule, @——@, 
through the action of pepsin. 
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Tas_e III 
Characterization of partially digested RNase* 


Partially | gested KNas 
Toe: artiaily ges ase 
Nee | | 
ethanol 

1.87 1.73 1.78 
2.0 2.0 
13 ,600 12,600 11,000 
Moles N-ethylmaleimide ti- 

trated per mole RNase...... 0.7-0.9 


* RNase was digested at pH 2.2 and 22° until about 1.4 bonds 


per molecule were hydrolyzed. The pH then was adjusted to 6.8. 


out complications resulting from continued peptic action, a solu- 
tion of RNase was exposed to the action of pepsin at pH 2.1 and 
22° until about 1.4 bonds per molecule were broken, after which 
the pH was adjusted to 6.8. This solution and an aliquot made 
0.1 mM in 2-mercaptoethanol were then examined in various ways. 
The results, summarized in Table III, show that the value of 
”sp/c for the partially digested material increased from 3.4 to 
4.1 ml per g and the sedimentation coefficient decreased from 
1.87 to 1.73 S. Consistent with these data is the observation 
(Table III) that the molecular weight changed only slightly, 
from 13,600 to 12,600. Whereas the addition of 2-mercapto- 
ethanol had little or no effect on the physical properties of 
RNase at pH 6.8, striking changes were produced when this 
reagent is added to partially digested material. First, the spe- 
cific viscosity increased 37%, and second the molecular weight 
decreased to a value of 11,000. Despite these changes, the 
sedimentation coefficient remained at 1.78 S. Apparently only 
one disulfide bond was reduced in the partially digested RNase, 
as indicated by the titration of the sulfhydryl groups with N- 
ethylmaleimide. This reduction caused the release of a rather 
large polypeptide with a molecular weight of approximately 
1,500, leaving a fully active, compact molecule with a molecular 
weight slightly greater than 11,000 (it should be noted that the 
Archibald method gives a weight average value, thus the prin- 
cipal component has a molecular weight slightly larger than the 
value calculated from the ultracentrifuge patterns). The in- 
crease in viscosity upon the addition of 2-mercaptoethanol 
appears to be due to the liberation of the inactive polypeptide 
since the frictional properties of the large component, as evi- 
denced by the sedimentation properties, were not altered ap- 
preciably. It is important to note that the activity must reside 
in the large component (see the sedimentation coefficient deter- 
mined in the partition cell) and that at least one disulfide bond 
can be reduced without loss in RNase activity. The latter 
conclusion is in accord with results obtained in different ways 
by Sela et al. (34) and by Resnick et al. (35). 

If it is assumed that the initial action of pepsin produces a 
bimodal distribution comprising large and small molecules, the 
data of Table III can be used to provide average molecular 
weights for the two types of molecules. This is tantamount to 
an assumption of a zipper mechanism, but the calculated values 
(especially for the large fragment) will not change appreciably 
even if three or four components are produced in the early stages 
of the digestion. For the small fragment, the calculated value 
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is 500 which, though only approximate, is in good agreement 
with the finding of Anfinsen (2, 3) that pepsin initially causes 
the release of a terminal tetrapeptide. Moreover, the bulk of 
the substrate, after 1.4 bonds per molecule are broken, is in the 
form of a compact protein with a molecular weight about 13,000 
and is apparently similar to that isolated by chromatography 
after partial digestion (2, 3). That this large component in our 
studies had experienced some attacks on its polypeptide back- 
bone structure is clear, as shown by the decrease in molecular 
weight caused by reduction with 2-mercaptoethanol. Support 
for these conclusions is provided by the results of end group 
analyses (36) for NH:2-terminal amino acid residues. In the 
digestion mixture after 1.4 bonds were broken per molecule, the 
principal NH,-terminal residue was aspartic acid (in addition 
to lysine which is present as the NH.-terminal amino acid resi- 
due in undigested RNase). Also present, in smaller amounts, 
were N-terminal serine and alanine. In still smaller quantities 
were N-terminal glutamic acid and phenylalanine. The total 
yield of N-terminal residues was in fair agreement with that ex- 
pected on the basis of the ninhydrin method (20). Since the 
molecular weight did not decrease appreciably during this 
limited digestion, the peptic attacks represented by the libera- 
tion of the latter four N-terminal amino acid residues must have 
occurred within cyclic structures involving disulfide bonds and 
the polypeptide chain. 


Interrelationships of Primary, Secondary, and 
Tertiary Structures of RNase 


In the previous section it was shown that limited peptic di- 
gestion of RNase permitted cysteine or 2-mercaptoethanol to 
react with at least one of the four disulfide bonds in RNase. 
These reducing agents had very little influence on native RNase, 
however, as shown in Table IV. Similarly, heating RNase at 
100° and pH 2 for 15 minutes, a treatment which would be ex- 
pected to rupture the hydrogen bonds normally responsible for 
maintaining the secondary structure of proteins, had only a 
slight effect on the activity, viscosity, and sedimentation rate of 
the enzyme. Actually Kunitz in 1940 showed that RNase 


TABLE IV 
Effect of heat and 2-mercaptoethanol on native RNase 
Treatment Nsp/c* Seo Activity 

ml/g S % 
pH 2, 100° for 15 min............... 5.2 1.2T 80 
pH 2, 25°, 0.04 m 2-mercaptoethanol. 5.2 1.3f 100 

pH 2, 100° for 15 min. with 0.04 m 
2-mercaptoethanol............... 14.3 0.76f 0 


* Measurements were performed in a buffer composed of 0.015 
M H;PO, and 0.010 M NaH2PQ,. 

t These experiments were performed in the buffer indicated 
above. When NaCl was added to increase the ionic strength to 
0.2 to 0.3, 820, for the control increased to 1.6 8, indicating that 
the low values were due largely to the primary charge effect. 
The values were still substantially less than the values measured 
at pH 6.8. 

t When the ionic strength of this solution was increased, or the 
pH was raised along with the increase of ionic strength, some 
aggregation occurred. However, 820,~ for the principal compo- 
nent increased to only 1.28. 
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could be heated at low pH with only slight loss in activity (1). 
However, heating RNase in the presence of the reducing agent 
caused a complete loss of enzyme activity and a drastic change 
in the configuration of the polypeptide chain. It should be 
noted that the physical chemical measurements were performed 
after the heated material had been cooled to room temperature. 
Thus inactivation and configurational changes which are reversi- 
ble cannot be precluded (see the recent study (37) by Kalnitsky 
and Resnick). Although the secondary structure would, no 
doubt, be disrupted by the high temperature and large net 
charge on the molecule, the original three dimensional archi- 
tecture appears to be largely re-established upon cooling. This 
is seen by comparing the values of 7.,/c, 4.3 ml per g and 5.2 
ml per g, for the unheated and heated samples, respectively, 
with the value, 8.9 ml per g found (16) for RNase in 8 M urea. 
It is of interest here to refer to the results of the activity meas- 
urements of RNase in the presence of 8 M urea and other re- 
agents which ordinarily rupture hydrogen bonds (38-40). Ap- 
parently the four disulfide bonds of the single chain of molecular 
weight, 13,683 (5), are able to exercise sufficient constraint that 
complete and irreversible disorganization of the structure is not 
effected by treatments which ordinarily denature proteins. 
Other structural features (16, 39, 41-43) probably are involved 
as well, because a protein like bovine serum albumin does not 
exhibit comparable stability even though the ratio of disulfide 
bonds to chain length is about the same as in RNase (44). 

It is of interest that the 7,,/c value of the material produced 
by heating in the presence of the reducing agent (14.3 ml per g) 
is substantially greater than that found by Harrington and 
Schellman (16) for oxidized RNase (11.6 ml per g). At pH 2 
the net charge on the reduced protein is almost at a maximum 
since there are practically no negatively charged groups in the 
molecule. As a consequence the polypeptide chains must be 
extended (at low ionic strengths) because of intramolecular 
repulsion. In the oxidized molecule, however, at the pH and 
ionic strength employed by Harrington and Schellman (16) the 
macromolecules would not be so extended. The high specific 
viscosity of the reduced protein solution cannot be attributed 
to aggregation as is often observed for reduced proteins, for 
Nep/¢ was almost independent of concentration, as shown in 
Fig. 5. Furthermore, the reduced protein which had been 
treated with p-chloromercuribenzoate had a sedimentation co- 
efficient of only 1.3 8 at a concentration of 0.1 mg per ml in a 
buffer of pH 4.6 and ionic strength, 0.1. At concentrations of 
2.3 and 9.2 mg per ml the sedimentation coefficients (in the 
same buffer) were 1.25 S and 1.08 8S, respectively. These sedi- 
mentation coefficients and the large viscosity are characteristic 
of elongated macromolecules and are compatible with a highly 
charged flexible, chain model of 14,000 molecular weight. Most 
of the physical measurements on the reduced protein, except for 
a few experiments in 0.04 m 2-mercaptoethanol and others on 
the material which had been reacted with p-chloromercuriben- 
zoate, were performed at low ionic strengths (0.01 to 0.02) and 
pH 2. Whenever the pH was raised or the ionic strength in- 
creased, aggregation occurred (compare with the recent resulfs 
of Harrington and Sela (45)). These results are analogous to 
those of Markus and Karush (46) who were able to prevent re- 
duced serum albumin from aggregating and precipitating by 
the addition of an anionic detergent and by the maintenance of 
low ionic strength. In their experiments, intermolecular repul- 
sion at neutral pH was achieved by increasing the net charge on 
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Fic. 5. The viscosity of RNase heated in the presence, @——@, 
and absence, A——A, of 2-mercaptoethanol. Data are plotted 
AS msp/C in ml per g versus concentration in mg per ml. Heating 
was done in 0.025 m phosphate buffer with or without 0.04 m 2-mer- 
captoethanol at pH 2.3 for 15 minutes at 100°. 


the protein molecules through binding of a large number of 
anions. The principle in our experiments is the same, but, the 
net charge is attained by adjustment of the pH to low values 
so as to depress the ionization of the carboxyl groups. Urea at 
high concentrations was not effective in preventing aggregation. 

No evidence was obtained in the above experiments to indi- 
cate whether all of the disulfide bonds had been reduced. In- 
deed, the reaction with p-chloromercuribenzoate gave qualita- 
tive information that only 2 to 3 moles of the mercurial reacted 
with the reduced protein. More quantitative estimates were 
provided by experiments utilizing N-ethylmaleimide to titrate 
the sulfhydryl groups produced by reduction with 2-mercapto- 
ethanol. When the concentration of the reducing agent was 
0.2 m (corresponding to 68 moles of 2-merecaptoethanol to one 
disulfide bond) the titration showed 5.1 moles of sulfhydryl 
groups per mole of reduced RNase. With 0.02, 0.04, and 0.08 m 
2-mercaptoethanol the reduction produced 1.6, 2.1, and 3.6 
moles, respectively, of sulfhydryl group per mole of RNase. 
The values of 9.,/e for these partially reduced solutions were 
11.8, 14.0, and 15.6 ml per g, respectively, indicating that the 
reduction of one or two of the most susceptible disulfide bonds 
produced the greatest configurational change in the molecules. 
Subsequent reduction of additional disulfide bonds produced 
only a slight effect on the physical properties. The foregoing 
data indicate that the disulfide bonds vary in their suscepti- 
bility to reduction, an observation made by Sela et al. (34) and 
by Resnick et al. (35) in other studies. 

When reducing agents were added to extensively digested 
RNase (about nine bonds broken per molecule) 7,,/c increased 
from 5.1 to 6.1 ml per g and the sedimentation coefficient de- 
creased slightly from 0.75 5S to 0.68 S. Since the change in the 
sedimentation coefficient was so slight, it was not possible to 
determine whether these alterations in physical properties repre- 
sented a further unfolding of the molecules, held in a cyclic 
form by disulfide bridges, or a dissociation of some molecules 
into two or more fragments. A partial answer was provided by 
studies by the Archibald method which gave 3,700 and 2,100, 
respectively, for the weight average molecular weight before 
and after reduction. These results show that some of the 
larger components in the final digest are composed of separate 
polypeptide chains held together by disulfide bonds. 

These limited studies plus the others cited above provide the 
basis for tentative conclusions regarding the interrelationships 
of primary, secondary and tertiary structures of RNase. With- 
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out disruption of the secondary structure by heat and high 
charge or with urea or detergents, an attack on the tertiary 
structure is difficult. Conversely, the preservation of the ter- 
tiary structure permits the reversible breakdown of the second- 
ary structure. However, disorganization of both the secondary 
and tertiary structures leads to irreversible changes resulting 
in a random chain configuration and inactivation. A slight 
disruption of the primary structure with pepsin leads to a mole- 
cule in which parts of the tertiary structure are vulnerable to 
attack by reducing agents. With such mild degradation of the 
primary structure, it is possible to probe gradually with reducing 
agents to produce a smaller, compact macromolecule which 
still possesses the characteristic enzymatic activity of RNase. 


Considerations of Mechanism of Enzymatic Degradation 

Although the experimental data presented above preclude 
interpretation of the results in terms of a one-by-one mechanism, 
a differentiation between the zipper and intermediate mecha- 
nisms described by Linderstrgm-Lang (10) is not unequivocal. 
Had the enzymic activity of RNase disappeared during the 
early stages of the digestion, when only one or two peptide bonds 
per molecule had been broken, then a zipper mechanism would 
have been proven. The existence of active intermediates, how- 
ever, prevented such a direct demonstration of the mechanism. 
Nonetheless, the evidence though less direct does indicate that 
the first few steps in the peptic breakdown of RNase are more 
rapid than the subsequent endopeptidase reactions. First, un- 
der certain conditions there was a rapid loss of activity even 
though the extent of hydrolysis is low. This implies that the 
initial action of pepsin causes the rupture of several peptide 
bonds in most of the RNase molecules causing a direct loss of 
nuclease activity or an indirect loss due to the consequent weak- 
ening of the secondary and tertiary structures responsible for 
the stability of the active site. It must be emphasized that the 
active site may be at a region remote (in terms of the polypep- 
tide chain) from the actual peptide bond which is hydrolyzed. 
Second, in those experiments in which activity persisted for 
comparatively long periods (five bonds per molecule broken) 
the sedimentation coefficient of the active unit decreased rapidly 
toa value of 1.58. It was as if the intact molecules were con- 
verted to these intermediates more rapidly than the subsequent 
degradation of that material to inactive components. Third, 
the abrupt rise in viscosity of the partially digested RNase solu- 
tion upon the addition of cysteine indicates that most of the 
molecules in the solution had been converted (through limited 
peptic action) to a form which was susceptible to reducing 
agents. Finally, aspartic acid was found as the principal new 
NH,-terminal amino acid in the digestion mixture after about 
1.4 peptide bonds per molecule had been hydrolyzed. How- 
ever, small amounts of other NH.-terminal amino acid residues 
were also detected indicating that, during the early stages of the 
enzymatic digestion, pepsin does attack some bonds other than 
that which causes the release of the C-terminal tetrapeptide. 
Until the mixture produced by limited peptic digestion is frac- 
tionated and the various components are identified, we must 
consider as tentative our conclusion that the peptic digestion 
of RNase is an example of the zipper mechanism. 


SUMMARY 


The kinetics of the degradation of ribonuclease by pepsin 
have been studied by measurements of molecular weight, sedi- 
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mentation coefficient, viscosity, nuclease activity, and suscepti- 
bility of the disulfide bonds to reducing agents. During the 
early stages of the digestion, the sedimentation coefficient de- 
creased and the viscosity increased. However there was only 
a slight decrease in the molecular weight during this period, 
The initial attacks by pepsin cause predominantly configura- 
tional changes in the ribonuclease molecules, as revealed by the 
increased frictional properties, since few polypeptide fragments 
produced by the peptidase action were liberated as such because 
of the location of the disulfide bonds. Later, the number of 
scissions in the polypeptide backbone becomes so great that 
subsequent attacks in the polypeptide chain occur between 
half-cystine residues; as a consequence the molecular weight 
decreased more rapidly. At the end of the digestion about 
nine peptide bonds per molecule were broken to yield a material 
with an average sedimentation coefficient of 0.8 S and a molecu- 
lar weight about 3,700. Upon the addition of 2-mercaptoetha- 
nol this value decreased to 2,100 indicating that some of the 
larger components in the digestion mixture are composed of 
separate polypeptide chains held together by disulfide bonds. 

The existence of intermediates, as demonstrated by (a) the 
analysis of the ultracentrifuge patterns, (b) the increase in vis- 
cosity to a maximum value, and (c) the enhanced susceptibility 
of the disulfide bonds to reduction, provided evidence that this 
enzymatic breakdown is not an example of the one-by-one 
mechanism as found for the chymotryptic breakdown digestion 
of insulin After only a limited digestion with pepsin, the 
addition of cysteine caused a rapid increase in the viscosity of 
the solution. The abruptness of the response to the reducing 
agent indicates that most of the ribonuclease molecules had 
become sensitive to the sulfhydryl reagent even though an 
average of only two bonds per molecule had been broken. Such 
behavior is characteristic of a zipper mechanism. Other evi- 
dence in support of this mechanism was derived from inactiva- 
tion studies and preliminary end group analyses. 

Under the conditions selected for most of the kinetic experi- 
ments, the nuclease activity decreased very slowly. Depending 
upon the pH and temperature during the incubation, there was 
either a considerable or negligible loss in nuclease activity when 
three bonds per molecule of ribonuclease had been hydrolyzed. 
The activity was shown to reside in molecules substantially 
smaller than ribonuclease, with a sedimentation coefficient about 
1.58 and a molecular weight of 10,000 as compared to 1.87 S 
and 13,683 for the intact molecules. 

The inactivation of ribonuclease by limited peptic digestion 
is discussed in terms of either a direct attack by pepsin at the 
active site or a disruption of the secondary and tertiary struc- 
tures at the active site resulting indirectly from the hydrolysis 
of peptide bonds by pepsin. Some relationships among pri- 
mary, secondary and tertiary structures are illustrated by 
studies of the properties of the partially digested ribonuclease 
and investigations of the combined effects of heat and reducing 
agents on intact ribonuclease. 
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Mammalian organs are known to decarboxylate a number of 
L-amino acids. Of the mammalian decarboxylases, 3,4-dihy- 
droxyphenylalanine decarboxylase is probably the most studied. 
Blaschko (1) reported values for DOPA! decarboxylase in liver 
and kidney of several animal species. The enzyme was shown 
to be deactivated by dialysis and its activity restored by the 
addition of pyridoxal phosphate (2, 3). Interest in DOPA de- 
carboxylase has increased. New studies of the properties of this 
enzyme have been reported (4, 5). Some preparations of DOPA 
decarboxylase act upon other substrates. Blaschko (6) has 
shown that o-tyramine could be formed from o-tyrosine in the 
animal. He has also demonstrated that the enzyme can act on 
m-tyrosine but not on p-tyrosine (7). With the discovery of 
5-hydroxytryptophan decarboxylase, the problem has become 
more complex. This enzyme appears to be difficult to separate 
from DOPA decarboxylase (8). The method most frequently 
used to measure DOPA decarboxylase and other amino acid 
decarboxylases has been manometric. Unfortunately the meas- 
urement of COz is not sufficiently sensitive to permit measure- 
ment of low activities. Measurement of the resulting product, 
the amine, could increase the range considerably. This is done 
in many cases; the amine is measured by physical, chemical, or 
biological methods. Dietrich (9) has used Permutit success- 
fully to separate the amine from the amino acid and presented a 
rapid method for the determination of DOPA decarboxylase. 
Recently we reported (10) that Amberlite CG-50 H* can separate 
amino acids and amines quantitatively and proposed the use of 
this procedure as a method for measuring amino acid decarboxyl- 
ases. We are reporting the details of the method in this paper. 
With the method reported, we have measured four decarboxyl- 
ases, viz. o-tyrosine, m-tyrosine, 3,4-dihydroxyphenylalanine, 
and 5-hydroxytryptophan. Eight different organs from three 
different animal species-were studied and all were found to possess 
activity with all four substrates. 


EXPERIMENTAL 


Materials and Methods 


Amino acids were obtained from the California Corporation 
for Biochemical Research. Amberlite CG-50, type 2, 200-400 
mesh was purified by the method of Hirs et al. (11), and used 
in the H+ form. The animals used were white male Holtzman 


* This work was supported by grants from the Robert A. Welch 
Foundation, Houston, and the National Institutes of Health. 
Fes The abbreviation used is: DOPA, 3,4-dihydroxyphenylala- 
nine. 


rats, male New Zealand rabbits, and male guinea pigs of unknown 
strain. The rats weighed about 200 g, the rabbits about 2500 g, 
and the guinea pigs about 500 g. 

The animals were killed by decapitation. The organs to be 
studied were quickly removed, chilled over ice, and 10 or 20% 
water homogenates were prepared with Potter-Elvehjem ho- 
mogenizers. All reactions were carried out in duplicate. The 
reaction mixture consisted of 1 ml of the homogenate, 0.5 ml of 
0.02 m phosphate buffer (pH 6.9 for DOPA, 8 for 5-hydroxy- 
tryptophan, and 7.2 for o- and m-tyrosine) which contained 10 
ug of pyridoxal phosphate, and 10 umoles of the substrate dis- 
solved in 0.5 ml of the appropriate 0.02 m phosphate buffer. 
The reactions were carried out in culture tubes. Air was ex- 
cluded by flushing the tubes with nitrogen before addition of 
substrate and during the incubation. To accomplish this, the 
culture tubes were tightly stoppered with a rubber stopper with 
two holes. The holes were small enough to be well covered by 
the base of a hypodermic needle. Two needles, a 20-gauge 1} 
inch and a 25-gauge }? inch, were introduced into the stopper 
and their bases forced into the holes. The 20-gauge needles 
were connected to a nitrogen gassing manifold. Incubations 
were carried out at 37° in a water bath provided with a shaking 
device. All tubes were incubated for 5 minutes before the sub- 
strate was added. All substrate additions were made by re- 
moving the 25-gauge hypodermic needles and then quickly re- 
placing them after the addition was made with a 1 ml syringe. 
Incubations were carried out for 20 minutes. The reaction was 
stopped by adding 7 ml of absolute ethanol and heating the 
tubes in boiling water for 1 minute. The tubes were centrifuged 
for 5 minutes at 2000 r.p.m. The supernatant and two rinses 
with 3 ml distilled water were transferred to 50-ml Erlenmeyer 
flasks containing 1 g of Amberlite CG-50 H+. The flasks were 
flushed with nitrogen gas, covered with Parafilm, and shaken for 
1 hour in a mechanical shaker. The resinand solution were 
transferred to a Pyrex tube (1 X 25 cm) with narrow bottom 
which was plugged with glass wool and which contained 1 g of 
the resin. The solution was allowed to flow through the column. 
The flasks were rinsed with two portions of 5 ml of distilled 
water and the rinses transferred to the column. The columns 
were washed with 100 ml of water. This operation was simpli- 
fied by the use of a manifold connecting the tubes with a reservoir 
of water. The amines retained by the resin were eluted with 
20 ml of 4 N acetic acid. The amine concentration of the eluate 
was determined. Since the four amines studied absorb strongly 
at 279 mu, they were readily determined by means of ultraviolet 
spectrophotometry. 
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TABLE I 


Recovery of amino acids from columns of Amberlite CG-50 
and retention of amines 


Compound added (5 ymoles) Recovery 
pmoles pmoles % 
5.04 | 100.8 
y-Aminobutyric........... 5.02. 100.4 
Phenylalanine............. 5.20 | 104.0 
5.02 | 100.4 
4.65 | 93.0 
| 5.21 104.2 
| 5.00 100.0 
Phenylethylamine......... 5.53 110.6 
Tryptamine............... 5.03 100.6 
4.94 98.8 
Epinephrine............... 5.07 101.4 
Norepinephrine. .......... 4.79 95.8 
Hordenine................ 5.07 101.4 
3-Hydroxytyramine....... 4.97 99.4 
TaBLeE II 
Separation of amino acids and amines with Amberlite CG-50 
Recovered 
Added to resin 
By ninhydrin method 
umoles % umoles % 

5-Hydroxytryptophan...... 5.44 108.8 5.31 106.2 
Tryptophan............... 5.31 106.2 4.92 98 .4 
Tryptamine............... 5.28 105.6 5.17 103.4 
Phenylalanine............. 5.47 109.4 
Phenvlethylamine......... 5.28 105.6 


RESULTS AND DISCUSSION 


The reliability of the method was tested by determining the 
recovery of added amines to Amberlite CG-50 H*, and the ability 
of the resin to separate the amine from amino acids. ‘Tables I 
and II, taken from a paper still in press (10), show that both 
expectations were realized. It is important that the separation 
be complete, particularly when the activity of the enzyme is low. 

A series of determinations were carried out with rat liver sus- 
pensions, to establish the best incubation period. Reaction 
velocity plots are shown in Fig. 1. Linearity is maintained in all 
instances for more than 20 minutes except in the case of DOPA 
decarboxylase which begins to fall off after 20 minutes. In Fig. 
2 are shown plots of enzyme concentration against activity. Of 
the eight organs studied, the kidney was the most active toward 
the four substrates (Tables III, IV, and V). All organs were 
active though some had very low activity. The order of activity 
was the same regardless of the source of enzyme. In each case 
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TABLE 


Amino acid decarboxylases of rat organs 
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No. of 
Organ determi- 
nations 
Kidney 8 
Liver 4 
Small intes- 6 
tine 
Brain 6 
Lung 2 
Spleen 2 


o-Tyramine* m-Tyramine* | DOPAmine* Sue 

250 155 138 26 

(185-289) (128-185)| (91-154) (15-30) 
245 136 112 24 

(219-312) (119-200) (109-137); (21-34) 
193 108 5l 21 

(144-284), (102-114)| (47-55) (21-22) 
20 13 10 3 

(16-21) (10-15) (8-11) (2-4) 

13 7 7 1 
4 3 1 1 


* Values are given as wmoles of amine formed per gram dry 


weight per hour. 


Figures in parentheses represent range. 


TABLE IV 
Amino acid decarboxylases of rabbit organs 
Organs o-Tyramine* m-Tyramine* | DOPAmine* 5-Hy droxy- 
nations tryptamine 
Kidney 8 124 83 50 39 
(82-165) | (54-112) | (46-62) (24-49) 
Liver 6 10 8 4 3 
(7-12) (5-10) (2-5) (2-4) 
Small intes- 6 15 7 4 4 
tine (11-18) (2-14) (2-5) (2-5) 
Brain 8 3 2 1 1 
(2-5) (1-4) 
Heart 6 1 1 1 1 
Lung 4 4 1 1 1 
Spleen 2 2 2 2 1 
Adrenals 2 10 4 3 1 


* Values are expressed as umoles of amine formed per gram dry 


weight per hour. 


Figures in parentheses represent range. 


TABLE V 
Amtino acid decarboxylases of guinea pig organs 
Organ o-Tyramine* |m-Tyramine* | DOPAmine* | >-Hydroxy- 
nations tryptamine 
Kidney 4 318 258 158 70 
(300-322); (223-285)| (156-159); (62-84) 
Liver 4 87 60 43 12 
(67-102)| (45-70) (27-56) | (10-13) 
Small intes- 4 256 158 73 52 
tine (217-302) (124-194)| (57-89) | (45-60) 
Brain 4 1 1 5 3 
Heart 2 2 2 2 2 
Lung 2 8 11 1 1 
Spleen 2 5 5 1 1 
Adrenals 2 A) 7 3 3 


* Values are expressed as uymoles of amine formed per gram dry 


weight per hour. 


Figures in parentheses represent range. 
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Fic. 1. Effect of incubation time on decarboxylating activity of 
rat liver homogenate. Substrates: o-tyrosine, @——@; m-tyro- 
sine, A——A; DOPA, O-——O; and 5-hydroxytryptophan, 
x——xX. The reaction mixtures consisted of 1 ml of a 10% water 
homogenate of rat liver, 0.5 ml of 0.02 m phosphate buffer which 
contained 10 wg of pyridoxal phosphate, and 10 wmoles of the sub- 
strate in 0.5 ml of the appropriate 0.02 m phosphate buffer. The 
conditions of the assay were as described in ‘Materials and Meth- 
ods.’’ Activity is expressed as umoles of amine formed per g dry 
weight tissue. 


o-tyrosine was the substrate most actively decarboxylated fol- 
lowed by m-tyrosine. DOPA was decarboxylated less and 5- 
hydroxytryptophan least. Since crude tissue suspensions were 
used here it is not possible to tell if one or more enzymes were 
present. In no instance was a reverse order of activity observed 
for the four substrates. There was, however, great variability 
in the values obtained from different species. 

o-Tyrosine is the most actively decarboxylated substrate. 
This amino acid is known to be decarboxylated in vivo (12) and 
also appears to be the source of o-hydroxyphenylacetic acid 
(13, 14) which is found in human urine. Both o-tyrosine and 
m-tyrosine have been reported to exist or suspected to exist in 
nature (15, 16). Recently a ‘“‘metatyramine-like” substance 
was detected in human urine after administration of a monoamine 
oxidase inhibitor (17). None of these factors explains the degree 
of activity of tissues with o-tyrosine and m-tyrosine. Other 
substrates tested were tryptophan and p-tyrosine but none of 
the tissues had decarboxylase activity with these two compounds. 

The present method is applicable to the measurement of other 
a-amino acid decarboxylases. It cannot be applied to the 
measurement of basic or dicarboxylic amino acid decarboxylases 
since in the first case separation is not possible and in the second 
case w-amino acids are formed rather than amines. The method 
when applicable has some advantages over the manometric 
method. The main advantage is that one measures the amine 
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Fic. 2. Effect of increasing enzyme concentration (rat liver 
homogenate) on amine formation from: o-tyrosine, @——@; m- 
tyrosine, A——A; DOPA, O——O; and 5-hydroxytryptophan, 
x——-xX. The conditions of the assay were as described in ‘‘Ma- 
terials and Methods.’’ Activity is expressed as ymoles of amine 
formed per indicated wet weight tissue per hour. 


and it is demonstrable by chromatographic analysis. The 
effluent from the resin has a low salt concentration. The acetic 
acid is readily evaporated and the residue is suitable for paper 
chromatography when taken up in water. Finally, the range of 
measurement can be increased to allow measurement of very low 
concentrations of amines by the use of fluorometric methods and 


bioassay. 
SUMMARY 


A method for the determination of some amino acid decar- 
boxylases is reported. The amine formed is separated from the 
parent amino acid by passage through Amberlite CG-50 H+, and 
measured spectrophotometrically. With this method, four 
amino acid decarboxylases were determined, viz. o-tyrosine, 
m-tyrosine, 3,4-dihydroxyphenylalanine, and 5-hydroxytrypto- 
phan decarboxylases. Activity was found in eight different 
organs of three different species. All were active to different 
degrees with the four substrates. 
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In the search for enzymatic confirmation of a pathway for 
valine biosynthesis postulated from isotope tracer experiments 
(1), a crude extract prepared by mechanical rupture of Saccharo- 
myces cerevisiae, was found to convert a-acetolactic acid to a- 
ketoisovaleric acid, the keto analogue of valine (2). Dialysis 
separated this extract into a supernatant fraction and a sediment 
fraction, both of which were inactive separately, but active when 
recombined in the presence of magnesium ion and triphospho- 
pyridine nucleotide (3). Subsequent experiments demonstrated 
that the supernatant fraction catalyzed an intramolecular re- 
arrangement and reduction of a-acetolactic acid to produce a,{- 
dihydroxyisovaleric acid. This report focuses on the sediment 
fraction which was shown to dehydrate the dihydroxy acid to 
a-ketoisovaleric acid. This dehydration reaction was first ob- 
served in studies of mutants and wild type Neurospora crassa 
and Escherichia coli by Myers and Adelberg (4). 


EXPERIMENTAL PROCEDURE 


Preparation of Dehydrase Extract—The enzyme extract was 
prepared from fresh bakers’ yeast, Saccharomyces cerevisiae, by 
disruption of the cells for 40 minutes in 0.02 m phosphate buffer, 
pH 7.2, by means of a high speed refrigerated centrifuge shaker 
in the presence of small glass beads as described by Shockman 
et al. (5). After removal of the glass beads and centrifuging at 
80,000 x g, the resulting crude, cell-free supernatant was dialyzed 
against distilled water for 18 to 20 hours at 3°. The contents 
of the dialysis bag were centrifuged to separate a supernatant 
fraction, which contains enzymes responsible for the methyl 
transfer step, and a protein precipitate, which contains the de- 
hydrase. The latter protein fraction was redissolved in 0.02 m 
phosphate buffer, pH 7.2, and stored in the frozen state. Under 
these conditions, the dehydrase was essentially stable for several 
months. By ultraviolet absorption measurements, 0.10 ml of 
this yeast extract was found to contain 3.6 mg of protein and 
represented 0.13 g of fresh yeast. 

Preparation of Organic Acids—The substrate, pi-a,$-dihy- 
droxyisovaleric acid, was prepared by Dr. Masataro Yamashita 
of the Institute for Cancer Research by the Darzen condensation 
of acetone and ethyl chloroacetate in the presence of sodium 
ethoxide, as described by Sjolander et al. (6). Paper chromatog- 
raphy of this acid in four different solvent systems gave only one 


* This investigation was supported in part by Grant No. G-2173 
(R.L.W.) and G-5899 (M.S.) of the National Science Foundation, 
Grant No. C-1299 of the National Institutes of Health, United 
States Public Health Service, American Cancer Society, and a 
Lalor Foundation Faculty Research Fellowship (R.L.W.). A 
preliminary report of this material was presented at the annual 
meeting of the American Society of Biological Chemists at At- 
lantic City, New Jersey, April 13 to 17, 1959. 


spot. A 0.2 Msolution was neutralized with potassium hydroxide 
to pH 7.4 and stored in the frozen state. The product of the 
reaction, a-ketoisovaleric acid, was prepared by the oxazolone 
method of Cornforth (7) and acid hydrolysis. 

The homologous dihydroxy acid, ,B-dihydroxy-6-methyl- 
n-valeric acid, the precursor of the keto analogue of isoleucine, 
was prepared in a manner similar to the above (6). 

Quantitative Determination of Enzyme Product—Evidence for 
the identity of the product of the enzymatic reaction as a-keto- 
isovaleric acid has been reported earlier (2). After the incuba- 
tion step in the present experiments, the solution was deprotein- 
ized with tungstic acid and centrifuged. The keto acid con- 
centration of an aliquot of the supernatant was estimated by 
the extraction method of Friedemann and Haugen (8) with the 
use of ethyl ether to extract the dinitrophenylhydrazone, and 
measurement of the optical density at 510 and 425 mu. The 
ratio of the optical density at 510 my to that at 425 my for both 
the enzymatic reaction product and synthetic a-ketoisovaleric 
acid was the same in all experiments. 


RESULTS 


Requirements of Dehydrase Assay System—The data in Table 
I indicate that magnesium ion, substrate, and yeast extract are 
necessary for optimal enzyme activity as defined by the rate of 
keto acid production in 30 minutes. Under these specified con- 
ditions, the specific activity of the yeast extract is 0.3 to 0.6 
umole of keto acid formed per hour per mg of protein. The 
Neurospora crassa and Escherichia coli extracts prepared by 
Myers and Adelberg (4) show similar levels of activity. 

The conditions described in Table I were followed in all sub- 
sequent experiments, unless specifically noted otherwise. Con- 
trols without added enzyme and without added substrate were 
regularly included, and the traces of apparent keto acid present 
were subtracted from the levels measured in the experimental 
tubes. Except for experiments with a stepwise change of the 
independent variable, each figure represents the average of dupli- 
cate tubes. 

For the present purposes of such a crude extract, it is essential 
that the enzyme product be stable under the experimental con- 
ditions. Incubation of neutralized a-ketoisovaleric acid in the 
presence of enzyme, buffer, and Mg*+ showed no change in the 
keto acid concentration during a 4-hour period. This observa- 
tion, together with the high percentage yields found in the ex- 
periment of Fig. 5 below, suggests that the equilibrium position 
for this reaction approaches the quantitative conversion of the 
dihydroxy acid to the a-keto acid. A similar conclusion was 
drawn by Myers and Adelberg (4) regarding the dehydrase from 
Neurospora crassa and Escherichia colt. 
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TABLE I 
Requirements of dehydrase assay system 
The complete system contained 0.05 m Tris buffer, pH 7.4, 0.02 
MgCl, 0.02 DL-a ,8-dihydroxyisovalerate, and 0.10 ml of yeast 
extract in a final volume of 1.0 ml. Centrifuge tubes were in- 
cubated for 30 minutes in air with constant shaking in a 37° water 
bath. 


a-Ketoisovalerate formed 
Change from complete system 
Experiment 1 Experiment 2 

pmole pmoles 
None 0.79 1.15 
Minus Mg*t 0.14 0.35 
Minus substrate 0.02 0.02 
Minus enzyme 0.10 0.07 

Boiled enzyme 0.08 _— 


pH Optimum—The optimal pH for the dehydrase was 7.2 in 
the phosphate buffer and 7.4 in Tris buffer (Fig. 1). As a higher 
enzyme activity was found with Tris buffer than phosphate 
buffer, the subsequent experiments were carried out with pH 7.4 
Tris buffer. 

Metal Ion Requirement—A variety of divalent metal ions were 
separately tested at 0.02 mM concentration. Magnesium ion af- 
forded the highest activity; manganous ion had appreciable 
activity and cobaltous ion had very weak activity. Ca*+ and 
Nit+ were without activity. In an experiment with mixture of 
ions, Fe++, Zn++, Cu++ and Hgt* were found to be inhibitory 
at 55, 89, 100, and 100%, respectively, when each was added at 
a concentration of 0.001 m in the presence of 0.02 mM magnesium 
ion. 

A comparison of increasing magnesium ion concentration in 
Tris buffer and in phosphate buffer is found in Fig. 2. Both 
curves reached a plateau at the 0.02 m concentration, but greater 
enzyme activity was observed in Tris buffer at each concentra- 
tion of magnesium ion. Examination of the top curve, magne- 
sium in Tris buffer, with respect to the bottom curve, manganous 
ion in the same buffer, shows that manganous ion is about 60 
to 70% as effective as the magnesium ion. 


l.2- 
1.0- 


08; 


Moles Ketoisovalerate Formed 
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Further evidence for the requirement of a metal ion was found 
in experiments with chelating agents (Table II). The addition 
of 0.01 m ethylenediaminetetraacetic acid (Versene) or 0.02 m 
citrate decreased the activity either in the absence or the pres- 
ence of 0.02 M magnesium ion. 

Effect of Substrate Concentration—From Fig. 3, it is evident 
that the initial substrate concentration which will saturate 0.1 
ml of yeast extract is 0.02 m. On the right side of the chart is 
a double reciprocal plot of this data, according to Lineweaver 
and Burk (9). From this graph, the maximal activity, V, is cal- 
culated to be 1.01 uwmoles of a-ketoisovaleric acid formed per 30 
minutes, and the Michaelis constant, A,,, is 1.7 x 10-3 Mm. 
Therefore in the presence of 0.02 M initial substrate concentra- 
tion, a zero order reaction prevails. Additional confirmation 
for this statement was found in two other experiments. Pro- 
portionality between enzyme and yield of product was observed 
up to 0.20 ml of enzyme preparation (Fig. 4). With the use of 
conditions as described in Table I, but extending the time of 
incubation, a linear response for formation of enzyme product 
was found for incubations up to 1 hour in duration (Fig. 4). 

Search for Possible Coenzyme—The dehydrase catalyzes an 
a,B-elimination of water from the substrate, a reaction that 
frequently involves pyridoxal phosphate as a coenzyme, as for 
example in p- and L-serine dehydrase, p- and t-threonine dehy- 
drase, and cysteine desulfhydrase (10). For this reason a search 
for a possible coenzyme requirement was undertaken. Neither 
0.0001 m pyridoxal phosphate, 0.001 m adenosine triphosphate, 
nor 0.001 mM coenzyme A increased the rate of keto acid produc- 
tion, even when added 30 minutes in advance of the substrate. 
Myers and Adelberg (4) also reported that treatment of the 
dehydrase extract from Neurospora crassa and Escherichia coli 
with ion exchange resins or charcoal to remove coenzyme A, did 
not decrease the activity. Next some structural analogues, 
which are known to act as inhibitors to varying extents of pyri- 
doxal phosphate-requiring enzymes (10), were tested by addition 
to the tubes 30 minutes before the substrate. Pyridoxine, pyr- 
idoxamine, and deoxypyridoxine at 0.001 m and pyridoxine phos- 
phate and pyridoxamine phosphate at 0.0001 m failed to reduce 
the enzyme activity. Finally carbonyl reagents were added at 
the relatively high concentration of 0.01 mM as a further test for 
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Fic. 1. Enzyme activity as a function of pH. Conditions are the same as those described in Table I. 
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Fic. 2. Effect of metal ion concentration on dehydrase activity. 
The results of magnesium ion in Tris buffer, pH 7.4 are indicated 
by O-——O, magnesium ion in phosphate buffer, pH 7.2 by 
@——-@, and manganous ion in Tris buffer, pH 7.4 by A——A. 


TaB_LeE II 
Effect of chelating agents on dehydrase activity 


a-Ketoisovalerate formed 
Chelating agent 
Without Mgtt With 0.02 m Mgt* 
umole pmoles 
None 0.35 1.15 
Versene, 0.01 m 0.16 0.13 
Citrate, 0.02 m 0.12 0.61 
1.2- 3.0; 
> 
1.0- 25: 
20- 
= 
S06 1 5- 
3 
<o4 10: 
“0 0 20 30 40 O 20 30 40 
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Fic. 3. Effect of substrate concentration on dehydrase activity 


a pyridoxal phosphate requirement. Hydrazine and semicar- 
bazide did not diminish the rate of the reaction, whereas hy- 
droxylamine decreased the rate for an unknown reason. In 
summary, the present evidence does not suggest the dehydrase 
requires a coenzyme. 

Specificity toward Optical Isomers—So far the described experi- 
ments were performed with pL-a,§-dihydroxyisovaleric acid. 
The racemate was resolved with quinine as described by Sjo- 
lander et al. (6). The isomer whose quinine salt was less soluble, 
and the racemate, were tested with the enzyme at 2.0 umoles 
per tube, one-tenth of the usual amount, and incubated for 4 
hours in order to drive the reaction to completion. In the pres- 
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Fic. 4. Effect of enzyme concentration and time on dehydrase 
activity. 
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Fic. 5. Enzyme specificity toward optical isomers. The keto 
acid production from the racemic a,8-dihydroxyisovaleric acid is 
indicated by @——@, and from the quinine-precipitated isomer 
by O——O. In both experiments, the initial concentration of 
the substrates was 0.002 m. For the left hand experiment, 0.10 
ml of yeast extract was used; in the right hand graph, 0.30 ml was 
added to each tube. 
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ence of 0.10 ml of yeast extract, as shown in the left side of Fig. 
5, a 1.7-fold increase, from 36% from the racemate to 60% 
yield from the isolated isomer, was observed. As shown in the 
right side of Fig. 5, the same behavior was found with a greater 
enzyme volume. One may therefore conclude that the enzyme 
is probably stereospecific, attacking only or mainly the quinine- 
precipitated isomer of a,@-dihydroxyisovaleric acid. 

Specificity toward Other a,B-Substituted Acids—A series of 
organic acids with a- and 8-electronegative groups was tested 
to determine the specificity of the dehydrase with respect to 
substrate. The a-keto acid production from the usual sub- 
strate, pL-a,8-dihydroxyisovaleric acid, was 0.86 umole per 30 
minutes. acid, a homo- 
logue and the dihydroxy acid precursor of isoleucine, also pro- 
duced keto acid at an appreciable though lower rate, viz. 0.47 
pmole per 30 minutes. The slower rate of reaction for the latter 
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acid was also observed by Myers and Adelberg (4) with extracts 
from Neurospora crassa and Escherichia coli. The dehydration 
of this acid by Torulopsis utilis was suggested by the radioisotope 
studies of Strassman e¢ al. (11). Recently Watanabe et al. (12) 
have demonstrated the over-all conversion of a-hydroxy-a-ace- 
tylbutyric acid to isoleucine in cell-free extracts of fresh bakers’ 
yeast. Purification of the yeast extract may lead to a definitive 
answer as to whether there is one dihydroxy acid dehydrase or 
two enzymes for this parallel step in valine and isoleucine bio- 
synthesis. 

Under the same conditions as above, p1-glyceric acid produced 
keto acid at the slow rate of 0.11 umole per 30 minutes. The 
direct test of pL-serine, pL-threonine, pL-G-hydroxyvaline, L-cys- 
teine, and pL-homocysteine as possible substrates failed to yield 
significant amounts of keto acid. The two stereoisomeric, 5-car- 
bon, a,8-dihydroxy acids containing an a-methyl group, DL- 
anglyceric, and pL-tiglyceric acid, were also found to be enzy- 
matically inactive. The preparation of these substances which 
represent the direct reduction products of a-acetolactic acid will 
be described in a later publication. The dehydrase also failed 
to catalyze the dehydration of p, L, and meso isomers of tartaric 
acid to oxaloacetic acid. Several polyhydroxy acids (p-glucu- 
ronic acid, D-galactonic acid, p-ribonic acid, and p-mucic acid) 
were also inactive, and further limit the structural definition of 
the substrate. 

Differentiation from Other Dehydrases and Hydrases—Citrate 
in the presence of the yeast extract did not produce cis-aconitate 
as determined by the spectrophotometric method of Racker (13). 
With t-malate as a substrate, in a parallel experiment, some 
fumarase-like activity was found at this low degree of purification 
of the yeast extract. A direct test in which 0.1 mg of crystalline 
pig heart fumarase (Nutritional Biochemicals Corporation) 
(50,000 units per mg of protein) was incubated with a,@-dihy- 
droxyisovaleric acid under the conditions described in Table I, 
did not cause the formation of keto acid. These experiments 
demonstrate the distinction between the yeast dehydrase and 
both fumarase and aconitase. In previous sections, the evidence 
for the nonidentity with the amino acid dehydrases has been 
described. Therefore this enzyme, a dihydroxy acid dehydrase, 
can be readily distinguished from several known dehydrases and 
hydrases. 


DISCUSSION 


Clues for the pathway of biosynthesis of valine and isoleucine 
have accumulated over a period of years from studies of microbial 
mutants, radioisotope distribution experiments, and most re- 
cently by direct enzymatic studies. The currently postulated 
steps for valine biogenesis are: the decarboxylation of pyruvic 
acid to give acetaldehyde, which condenses with more pyruvic 
acid to give a-acetolactic acid; migration of the a-methy] carbon 
of acetolactate to yield the postulated product, a-keto-G-hy- 
droxyisovaleric acid; reduction of this substance to produce 
a,8-dihydroxyisovaleric acid, which is dehydrated to a-ketoiso- 
valeric acid; and finally transamination of the keto analogue to 
valine. 

The possible role of a-acetolactic acid as a precursor of valine 
was first suggested by Strassman e¢ al. (1) from isotope distribu- 
tion data obtained with yeast grown in the presence of C'-la- 
beled precursors. This postulate has been further elucidated by 
the studies of Adelberg (4, 14), Umbarger (15, 16), Wagner (17) 
and their respective coinvestigators with the use of mutants of 
Neurospora crassa and Escherichia coli. The preceding papers 
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from this laboratory (2) and that of Wagner eé al. (17) have re- 
cently presented evidence for the enzymatic conversion of a- 
acetolactic acid to a,8-dihydroxyisovaleric acid and a-ketoiso- 
valeric acid in Saccharomyces cerevisiae and Neurospora crassa, 
respectively. The present report demonstrated that yeast con- 
tains a dehydrase which converts a,@-dihydroxyisovaleric acid 
to the keto analogue of valine. 


SUMMARY 


1. The present report demonstrates the occurrence in yeast 
of an a,@-dihydroxy acid dehydrase, which catalyzes the dehy- 
dration of a,6-dihydroxyisovaleric acid to a-ketoisovaleric acid. 
For optimal activity, a pH of 7.2 to 7.4 and the presence of 
magnesium ion are required. Evidence for possible coenzymes 
has been negative thus far. 

2. The enzyme is probably stereospecific with respect to sub- 
strate. The isomer obtained as the less soluble quinine salt gave 
1.4 to 1.7 times the yield obtained from the racemic substrate. 
Of the compounds tested, only the isoleucine analogue, pL-a, B- 
dihydroxy-8-methyl-n-valeric acid was also dehydrated at an 
appreciable rate. By several means, the enzyme was identified 
as a dihydroxy acid dehydrase and distinguished from several 
known dehydrases and hydrases. 

3. The presence of this dehydrase in yeast provides additional 
evidence for the suggested function of a,8-dihydroxyisovaleric 
acid as an intermediate in valine biosynthesis. 
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3-Hydroxyanthranilic acid has been well established as an 
intermediate in the conversion of tryptophan to niacin (1), 
quinolinic acid (2), and picolinic acid (3). A fourth fate of 
3-hydroxyanthranilate has been proposed by Dalgliesh and 
Tabechian (4) who suggested that tryptophan might be metabo- 
lized to COz by way of the unstable primary oxidation prod- 
uct (5, 6) tentatively identified by Wiss (7) as 1-amino-4-formy]- 
1 ,3-butadiene-1 ,2-dicarboxylic acid (JIJ, Fig. 1). This route 
has been assumed to account for the observed conversion of 
tryptophan-7a-C™ to CO, (8) by way of acetate-1-C™ (9). 

Recently Rothstein and Greenberg (10) have reported that 
under certain conditions tryptophan is oxidized to CO2 by rat 
liver homogenates to a greater extent than is kynurenine. 
These results were interpreted as evidence for a new route of 
tryptophan metabolism independent of the kynurenine-3-hy- 
droxyanthranilate pathway. In contrast, the results of exper- 
iments reported here strongly suggest that 3-hydroxyanthran- 
ilate in vivo is an obligate intermediate in the major pathway 
for the complete oxidation of the indole nucleus of tryptophan. 


EXPERIMENTAL 


The pi-tryptophan-7a-C™ was prepared from aniline-1-C as 
previously described (11). 3-Hydroxyanthranilic acid-1-C™ and 
5-hydroxyanthranilic acid-1-C were prepared by methods which 
will be reported in detail.!. Tritiated 3-hydroxyanthranilic acid 
was prepared by the method of Wilzbach (12). After purifica- 
tion by reprecipitation from water and recrystallization from 
ethanol, it contained no detectable radiochemical impurities. 
Acetate was trapped as the acetyl derivative of cyclohexylala- 
nine and degraded as previously described (9). Pyridoxine defi- 
ciency in rats was produced by feeding a diet (8) lacking only 
this vitamin. CQO, was collected and analyzed by gas counting 
(13). 

Metabolite overloading experiments with sodium glutarate 
were conducted as described by Rothstein and Miller (14). 
Glutaric acid was separated from rat urine by partition chroma- 
tography on a silica gel column (15). Ten-milliliter fractions 
were collected and titrated with standard aqueous NaOH after 
addition of 10 ml of ethanol. The fractions were assayed for 
C™ content by solid counting with a thin window gas flow 


* Supported in part by a Research Grant (RG-5766) from the 
United States Public Health Service and the United States Atomic 
Energy Commission. 

t Present address, Department of Biological Chemistry, Uni- 
versity of Michigan, Ann Arbor, Michigan. 

1L. V. Hankes, manuscript in preparation. 


counter. Tritium was determined with a liquid scintillation 
counter. Glutaric acid was decarboxylated by the Schmidt pro- 
cedure (16) and the resulting 1 ,3-diaminopropane was oxidized 
with alkaline permanganate to malonic acid which was isolated 
on a silica gel column. Specific activity determinations were 
made by gas counting (13) on the vibrating reed electrometer, 


RESULTS AND DISCUSSION 


3-Hydroxyanthranilic Acid Oxidation—A large percentage of 
the 3-hydroxyanthranilate administered to rats in these experi- 
ments was rapidly converted to metabolically active aliphatic 
compounds. This is indicated by the amount and rate of re- 
lease of C“%O. from 3-hydroxyanthranilate-1-C™ (see Fig. 2). 
The data in Table I show that the C™ from 3-hydroxyanthrani- 
late-1-C'* was found chiefly in the carcass and the expired CO,. 
In contrast, 90% of the isotope from the 5-isomer appeared in 
the urine. This suggests that 5-hydroxyanthranilic acid is not 
a normal intermediate in metabolism. 

The rate and extent of CO, formation from carboxy]-labeled 
3-hydroxyanthranilate (17) (Fig. 2) indicates that the loss of 
this group, probably by a direct decarboxylation, is a very early 
step in the degradation. Since only a small percentage of this 
compound is converted to picolinic acid (18) in the whole ani- 
mal (19), this decarboxylation must be the prelude to a more 
extensive degradation to aliphatic compounds and ultimately 
to 

Fig. 2 shows that at the dose levels employed, carbon 7a of 
tryptophan is expired as CO, to a somewhat greater extent 
than is carbon 1 of 3-hydroxyanthranilate; although the latter 
compound is presumably metabolically closer to aliphatic inter- 
mediates than is tryptophan. This result is in keeping with the 
finding (9) that carbon 7a of tryptophan becomes the carboxyl 
of acetate, whereas evidence presented below indicates that 
carbon 1 of 3-hydroxyanthranilate yields carbon 2 of acetate. 
The methyl] carbon of acetate is converted to CO: considerably 
less rapidly than is the carboxyl carbon (20). Therefore it 
seems likely that the rate and extent of CO2 production from 
the benzene ring of 3-hydroxyanthranilate are of sufficient mag- 
nitude to account for the observed oxidation of the indole nu- 
cleus of tryptophan. 

Acetate Trapping—More direct evidence for the participation 
of 3-hydroxyanthranilate as an intermediate in tryptophan ox- 
idation was provided by the results of experiments summa- 
rized in Table II. Since tryptophan-7a-C™ is converted to 
acetate-1-C™ in the rat (9), carbon 1 of 3-hydroxyanthranilate 
should give rise to the methyl carbon of acetate if JJ and III 
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are intermediates (Fig. 1). When 3-hydroxyanthranilate-1-C™ 
was administered to rats receiving cyclohexylalanine, carbon 2 
of the trapped acetate contained more than 85% of the total C™. 
Rat 14 was given an intraperitoneal injection to minimize the 
possibility of acetate-2-C™ being formed by bacterial action in 
the feed container or intestinal tract when the compound was 
fed (Rat 12). 

Only carbon 2, carbon 6, or the carboxy] carbon could yield, 
without rearrangement, carbon 1 of an acetate molecule, the 
methyl! carbon of which is derived from carbon 1 of 3-hydroxy- 
anthranilate (Fig. 1). The hypothesis that 3-hydroxyanthrani- 
late is an intermediate in tryptophan oxidation requires that 
C-2 be the precursor of C-1 of acetate. The carboxyl group has 
been eliminated as a possible precursor of this position by the 
experiment with Rat 15. 3-Hydroxyanthranilate-1 ,carboxyl-C™ 
with equal activity in both positions, was administered to this 
animal. The isolated acetate was labeled chiefly in the methyl 
group, ruling out the formation of C-1 of acetate from the car- 
boxyl carbon of 3-hydroxyanthranilate. The results of these 
acetate trapping experiments are consistent with the involve- 
ment of 3-hydroxyanthranilate as an intermediate in the conver- 
sion of tryptophan to acetate. 

Glutaric Acid Labeling—Perhaps the most compelling evidence 
for the role of 3-hydroxyanthranilate in tryptophan oxidation 
was provided by the results of glutaric acid overloading ex- 
periments. Both tryptophan-7a-C™ and 3-hydroxyanthranilic 
acid-H? are converted to radioactive glutarate by the rat (21). 
Fig. 3 shows the correlation between radioactivity and titration 
values when the urine from a rat receiving 50 mg of tryptophan- 
7a-C™ and 500 mg of glutaric acid, by intraperitoneal injection, 
was chromatographed with carrier glutaric acid on a silica gel 
column. Glutaric acid isolated from the peak tubes (Fig. 3) 
maintained a constant specific activity during repeated recrys- 
tallization. The C' was present in the carboxy] carbons since 
the malonic acid derived by the Schmidt degradation followed 
by oxidation contained no isotope. 

Fig. 4 shows the results of a similar experiment in which the 


rat received 20.4 mg of 3-hydroxyanthranilate-H*, Although 
+ 
CH, in COOH COOH 
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Fic. 1. Abbreviated scheme for the proposed pathway of tryp- 
tophan oxidation. 
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TIME IN HOURS 

Fic. 2. Rate of expiration of CO, from tryptophan and 3- 

hydroxyanthranilate labeled with C'*. (1) Plotted from data 

previously published (17). (2) Female; weight 186 g; given 51 

mg of tryptophan by intraperitoneal injections in two equal 

doses,6 hours apart. (3) See footnote 2, Table I. OHAA = hy- 
droxyanthranilic acid. 


TABLE I 
Gross distribution of C'4 after administration of — 
8-hydroxyanthranilic acid-1-C'* and 
5-hydrozyanthrantlic acid-1-C'4 


5-Hydroxy- 
acid-1-C™ 
Rat 13 Rat 14° Rat 11°¢ 
Dose injected, mg............... 6.3 10.0 2.0 
Dose injected, muc.............. 503 798 160 
CO, (per cent of dose). ........ | 28.8 26.2 3.2 
Urine (per cent of dose)... ...... | 10.9 23.5 89.9 
Carcass? (per cent of dose)...... | 60.3 50.3 7.4 


2 Female; fasted 24 hours then fed 200 mg of cyclohexylalanine 
in 10 g of basal diet (8); 3-hydroxyanthranilic acid-1-C" injected 
intraperitoneally in one dose; CO: and urine collected for 10 
hours. 

> Female; given 200 mg of cyclohexylalanine by stomach tube 
and 3-hydroxyanthranilic acid injected intraperitoneally in two 
equal doses 6 hours apart; CO. and urine were collected for 12 
hours after first injection. 

¢ Female; 5-hydroxyanthranilic acid injected intraperitoneally 
in single dose; CO:2 and urine collected for 12 hours. 

4 By difference. 


the conversion of both 3-hydroxyanthranilate and tryptophan 
to glutaric acid does not unequivocally prove that both com- 
pounds are on the same pathway, it does suggest very strongly 
that this is the case. 

Other Evidence—Pyridoxine deficiency has been observed to 
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TaB_eE II 
Acetate trapping from $-hydroxyanthranilic acid 


3-Hydroxyan- 
3-Hydroxyanthranilic acid-1-C** acid-1, 


Rat 12° Rat 14° Rat 15° 
myuc/mmole myuc/mmole myuc/mmole 
Acetate 


* 280 mg cyclohexyl-L-alanine and 10.0 mg of 3-hydroxyan- 
thranilic acid-1-C'* (798 myc) mixed with 10 g of basal diet. Food 
consumed and urine collected over a 46-hour period. 

>’ See footnote b, Table I. 

© Male; weight 293 g; 100 mg cyclohexyl-L-alanine and 17.5 mg 
of 3-hydroxyanthranilic acid-1, COOH-C™, (1600 myc) given by 
stomach tube; urine collected after 24 hours. 
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Fic. 3. Correlation between radioactivity (bars) and titration 
values (curve) for glutaric acid from tryptophan-7a-C". 


reduce the conversion of tryptophan, but not of 3-hydroxyan- 
thranilate, to quinolinic and nicotinic acids (22). The primary 
cause of this reduction is a partial blockage of the pyridoxal 
phosphate-requiring reaction in which 3-hydroxykynurenine is 
converted to 3-hydroxyanthranilate. If the kynurenine-3-hy- 
droxyanthranilate pathway is the route for the oxidation of 
tryptophan to CO:, then pyridoxine deficiency should markedly 
reduce CO, production from tryptophan-7a-C™. Fig. 5 shows 
that such a reduction actually occurs in the pyridoxine-deficient 
rat. This reduction in the CO: expired might also occur if a 
hypothetical alternate pathway (10) were vitamin B.-dependent 
or if a nonspecific effect were involved. However, this finding 
is consistent with the oxidation of tryptophan by way of the 
kynurenine-3-hydroxyanthranilic acid pathway. 

Finally, evidence already published (23) indicates that the 
major pathway of tryptophan metabolism in rats involves the 
removal of the side chain as a 3-carbon unit. Only a very small 
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percentage of the tryptophan administered in those experiments 
could have been catabolized by another route. This evidence 
is again consistent with the known features of the kynurenine-3- 
hydroxyanthranilate pathway. 

The weight of accumulated evidence indicates that 3-hydroxy- 
anthranilate is an intermediate in the complete oxidation of the 
indole nucleus of tryptophan and that in the rat in vivo the ky- 
nurenine-3-hydroxyanthranilate pathway is the major, if not 
the only, route by which tryptophan oxidation occurs. How- 
ever, a hypothetical oxidative pathway of minor importance in 
the whole animal cannot be excluded. One possible alternate 
pathway has been suggested by Rothstein and Greenberg (10) 
who found that rat liver homogenates prepared in 0.9% KCl 
oxidized tryptophan, but not kynurenine. However, homoge- 
nates prepared in 0.25 m sucrose oxidized kynurenine better than 
tryptophan. Evaluation of the importance of this oxidative 
process will not be possible until the intermediates are identified. 

The indoleacetic acid pathway presents a possible alternate 
route for tryptophan oxidation. Weissbach et al. (24) have 
shown that this compound can be formed from tryptophan in 
mammalian tissues, chiefly by way of indole pyruvate. It 
had been observed in this laboratory (25) that in a vitamin 
B,-deficient rat, more than 10% of a test dose of DL-tryptophan- 
7a-C™ was excreted in the urine as indoleacetic acid and its 
glycine conjugate, whereas less than 2% was accounted for by 
these compounds in the normal animal. Possible explanations 
for this observation are (a) vitamin Bg is involved in the further 
metabolism of indoleacetic acid; (6) indolepyruvate removal by 
other routes involves vitamin Bg or (c) suppression of kynureni- 
nase, which catalyzes the removal of the side chain of hydroxy- 
kynurenine, leads to decreased metabolism by way of the 
kynurenine route. The first possibility seems questionable in 
view of the fact that the mouse (26) does not appear to be ca- 
pable of further oxidation of indoleacetic acid. Further experi- 
ments, in which both isomers of tryptophan are used, will be 
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Fic. 4. Correlation between radioactivity (bars) and titration 
values (curve) for glutaric acid from 3-hydroxyanthranilic acid-H’. 
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Fig. 5. Rate of expiration of C'*O; from tryptophan-7a-C" by a 
normal and a vitamin Be-deficient rat. 


required to provide an explanation for the unusually large in- 
doleacetic acid excretion in vitamin Be-deficient animals. 


SUMMARY 


It is concluded that the kynurenine-3-hydroxyanthranilate 
pathway is the major route for the complete oxidation of the 
benzene ring of tryptophan in vivo on the basis of the following 
observations: 

1. The rate and extent of conversion of 3-hydroxyanthrani- 
late-1-C™ to CO, in the rat were sufficient to account for the 
observed oxidation of tryptophan by this animal. 

2. The labeling pattern produced in trapped acetate by 3- 
hydroxyanthranilate-1-C' was that which would be expected if 
this compound were an intermediate in the conversion of trypto- 
phan to acetate. 

3. Tryptophan-7a-C™ and 3-hydroxyanthranilate-H? were con- 
verted to radioactive glutaric acid by the rat. 

4, Pyridoxine deficiency reduced the conversion of trypto- 
phan-7a-C™ to by one-half. 

5. The side chain of injected tryptophan-a-C™ (23) appears 
to be removed almost entirely as a 3-carbon unit. 
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Until recently there was considerable evidence which indicated 
that kynurenic acid was not metabolized (1-6). It is now clear, 
however, that in man and the rat quinaldic acid is formed by the 
dehydroxylation of kynurenic acid (7,8). In order to determine 
whether or not quinaldic acid was further metabolized, quinaldic 
acid-carboxyl-C™ was synthesized, administered to rats, and the 
excretion of radioactivity in the urine was investigated. 

The rats excreted over 90% of the radioactivity in the first 24 
hours and about 2% of the radioactivity in the second and third 
24-hour periods. Almost all of the radioactivity in the urine 
could be accounted for in the isolated quinaldic acid and its 
glycine conjugate (quinaldylglycine). 

When kynurenic acid was added to and recagered from these 
urine samples it contained little, if any, radioactivity. Thus, 
the rat, like the rabbit (9), apparently did not hydroxylate quin- 
aldic acid to kynurenie acid. 

When 8-hydroxyquinaldic acid was added to and recovered from 
the urine of these rats it was not radioactive. Thus 8-hydroxy- 
quinaldic acid, which has been established as a metabolite of 
xanthurenic acid (10), is not a metabolite of quinaldic acid. 


EXPERIMENTAL 


Materials and Methods 


Synthesis of Quinaldic 
was synthesized according to the method of Ochiai et al. (11) 
and Nakayama’s method (12) was applied with slight modifica- 
tions for the synthesis of quinaldic acid. Quinoline-N-oxide 
(272 mg), KCN (90 mg), and KCN (8 mg, 0.5 mc) were dis- 
solved in 10 mg of CO--free water, and benzoyl chloride (240 mg) 
was added in portions with vigorous shaking which was continued 
for 30 minutes after the last portion had been added. After 2 
hours the reaction mixture was made alkaline with sodium car- 
bonate and shaken with chloroform. The chloroform phase was 
evaporated under an air stream on a water bath and the residue 
was recrystallized from methanol. The colorless needles of 2- 
cyanoquinoline (127 mg), 1.65 ml of 10% NaOH, and 8.25 ml of 
95% ethanol were refluxed for 6 hours on a water bath. The 
ethanol was evaporated and the residue was neutralized with 
HCl and recrystallized from benzene (yield 47 mg). 

The quinaldic acid-carboxyl-C™ contained 832,000 c.p.m. per 
mg. The ultraviolet absorption spectrum of the quinaldic acid- 
carboxy]-C was identical with that of authentic quinaldic acid. 


* Supported in part by grants from the American Cancer Society 
and the National Institute of Arthritis and Metabolic Diseases 
(No. A-1127 (C)), United States Public Health Service to Dr. 
J. M. Price of this laboratory. 


The only fluorescent spot seen on paper chromatograms of the 
quinaldic acid-carboxyl-C™ corresponded in Ry value and fluores- 
cence with authentic quinaldic acid in the solvent system of 
Mason and Berg (13) containing 1% of acetic acid or ammonium 
hydroxide (14), and the area of fluorescence showed strong radio- 
activity. When the synthetic quinaldic acid-carboxyl-C™ was 
eluted from Dowex 2-acetate along with authentic quinaldic acid, 
the elution curves of radioactivity and ultraviolet light-absorbing 
material corresponded. Radioactivity was measured with a thin 
window gas flow counter (Nuclear-Chicago Corporation). The 
counts were corrected for background radiation. 

Reagents—The method of Hammick and Dickinson (15) was 
used to prepare the acid chloride of quinaldic acid from which 
quinaldylglycine was prepared according to Meyer and Graf (16). 

The other quinoline compounds were from preparations used 
in earlier studies (7, 8, 10, 14). 

The ion exchange resins were prepared as described previously 
(17-19). 

Paper Chromatography—W hatman No. 1 and No. 4 filter paper 
were used with the ascending solvent system of Mason and Berg 
(13) with added 1% of acetic acid or ammonium hydroxide (14). 
Aqueous sodium acetate with 1% acetic acid (20) was also used 
as a solvent system. 

Experimental Animals—Male albino rats weighing 170 to 200 
g were used. They were fed a stock grain diet and during urine 
collections they were kept in stainless steel metabolism cages 
fitted with glass funnels. The urine samples were collected daily 
under toluene and glacial acetic acid, and were frozen until needed 
for analysis. 

Administration of Quinaldic Acid-carboryl-C'\—The experi- 
ments were done by giving each rat from 1 to 5 mg (5.76 to 28.8 
umoles) of quinaldic acid-carboxyl-C' by stomach tube. In 
most experiments two rats were used in the same cage and the 
urine was collected together. Three consecutive 24-hour sam- 
ples of urine were collected after each administration of quinaldic 
acid-carboxyl-C"™. 

Fractionation of Urine with Dowex 50 (H+)—Initial fractiona- 
tion of the urine to separate the radioactive constituents was 
conducted with Dowex 50 (H+) columns. Of the first 24-hour 
urine collected after the ingestion of quinaldic acid-carboxyl-C", 
10% was diluted with sufficient water and 1.0 n HCl to bring 
the volume to 50 ml with an acid concentration of 0.2 n. The 
acidified urine was passed through a 0.9 x 4.5 cm Dowex 50 
(H+) column. The column was washed successively with 150 ml 
of 0.2 n HCl, 75 ml of 0.5 n HCl, and 7.5 ml of water, and the 
quinaldylglycine and kynurenic acid were eluted with 600 ml of 
water (14, 19). The quinaldic acid was then eluted with 200 


136 


f 
a 
7 

| k 
W 
ST 
li 
el 
ts 
q 
W 
ta 
re 
W 
th 
De 
m 
| 
m 
co 
| ur 
ac 

| | | 


January 1960 


ml of 3 N HCI (7). The 0.2 n, 0.5 Nn, and 3.0 n HCl were re- 
moved by distillation under reduced pressure to yield the first 
three fractions recorded in Table II. 

Separation of Quinaldylglycine and Kynurenic Acid on Dowex 
9-acetate Columns—This procedure was adapted from a method 
described previously (19) for the separation of these compounds. 
The 600 ml of water effluent from the Dowex 50 column were 
adjusted to pH 8.0 with NH,OH and passed through a 0.9 x 
4.5 em column of Dowex 2-acetate. The column was washed 
with 50 ml of 2 N acetic acid to remove any quinaldic acid which 
might be present and then the quinaldylglycine was eluted with 
300 ml of 4 N acetic acid and the kynurenic acid was eluted with 
200 ml of 7 N acetic acid. The acetic acid was removed by 
distillation under reduced pressure to obtain Fractions 4 to 6 in 
Table IT. 

At this point the six fractions obtained from each urine sample 
were dissolved in a known volume of water. Small aliquots of 
the solutions were used for determination of the radioactivity 
(Table II), for paper chromatography, and for recording the ul- 
traviolet spectra. 

Other Procedures Used in Purification of These Fractions—The 
results of the paper chromatography and the ultraviolet spectra 
of the 0.2 n and 0.5 n HC] fractions indicated that these fractions 
were not chemically pure. As the radioactivity in these fractions 
was probably present as quinaldic acid, the fractions were puri- 
fied by a gradient elution (21) from Dowex 1-formate with a 
fraction collector as described previously (8). The fractions 
containing the quinaldic acid were pooled, evaporated to dryness 
in a vacuum, and the residue was dissolved in a known volume 
of water. It was found that all of the radioactivity of the 0.5 
n HCl fraction and 88% of the radioactivity from the 0.2 Nn 
fraction had been isolated in spectroscopically pure form as quin- 
aldic acid by this procedure. 

Fraction 6, which had been eluted from Dowex 2-acetate with 
7 N acetic acid, did not appear to be spectroscopically pure. 
Paper chromatography revealed spots corresponding in fluo- 
rescence and Rr values with kynurenic acid and quinaldylglycine. 
In an effort to learn if there was any radioactivity present in the 
kynurenic acid in the fraction, 20 mg of carrier kynurenic acid 
were added, but eight recrystallizations did not result in constant 
specific activity. The remaining crystals and all the mother 
liquors were recombined and chromatographed by a gradient 
elution from Dowex 1-formate (8). 

The radioactivity was eluted in 2 peaks, one of which con- 
tained 7% of the radioactivity and corresponded in position with 
quinaldic acid and a second which contained quinaldylglycine 
with some unresolved kynurenic acid. The second fraction con- 
tained 80% of the radioactivity of the original Fraction 6. 

Recrystallizations—Quinaldic acid and quinaldylglycine were 
recrystallized from water or benzene. Kynurenic acid was al- 
ternately dissolved in alkali and precipitated by acidification 
with dilute HCl. These recrystallizations were carried out after 
the chromatographic purification procedures described above had 
been completed. In each instance a known amount (20 to 30 
mg) of carrier was added. 

Alternative Method of Fractionation of Urine—In an effort to 
learn whether or not any radioactive constituents of the urine 
might have been missed in the procedures described above, a 
completely different method was employed. One milliliter of 
urine was passed through a 1.2 X 16.0 cm column 6&{ Dowex 2- 


acetate and a gradient elution was carried out (19%. 500 ml 


tributed in the 6 fraction as shown in Table II. 
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TABLE I 
Recovery of radioactivity from rat urine after administration of 
quinaldic acid-carboryl-C'4 
Only 1 rat was used in Experiment I; in Experiments II and III 
the dose was divided equally between 2 rats. 


C™ Excreted in urine 


Experiment No. Dose given 
First day Second day | Third day 
pumoles c.p.m. c. p.m. % | | % cpm. | % 
I 5.76} 832,000 
II 44.10/4,648 ,000 4, 152 ,000/89 ,080/1 .6/34, 280/0.7 
III 57 .60'6 , 290 ,000'5 , 804 ,000/92 .0|68 , 0000/1 . 1/26 ,200'0.4 


of 3 N acetic acid in the mixer, 1,120 ml of 10 N acetic acid in the 
reservoir, and 200 fractions of 4.2 ml each were collected in 20 
hours. Aliquots of every fourth tube were plated for the de- 
termination of radioactivity. This procedure was repeated with 
1 ml of urine which had been mixed with 1 ml of 12 n HCl and 
heated in a boiling water bath for 2 hours. 


RESULTS AND DISCUSSION 


About 90% of the radioactivity ingested as quinaldic acid- 
carboxyl-C" was excreted in the urine in the first 24 hours (Table 
I). During the next 2 days, the excretion of radioactivity was 
adequate to account for about 1.5 (second day) and 1 (third day) 
% of the ingested dose. The results in the three experiments 
were very similar. 

,When the urine obtained during the first 24 hours after inges- 
tion of quinaldic acid-carboxyl-C™ was fractionated on columns 
of Dowex 50 and Dowex 2-acetate the radioactivity was dis- 
Previous 
experience (7, 8, 10, 14, 19) indicated that the 3.0 n HCl fraction 
would contain quinaldic acid, the 4.0 N acetic acid fraction would 
contain quinaldylglycine, and the 7.0 N acetic acid fraction would 
contain kynurenic acid. Some quinaldic acid was expected in 
the 0.5 N HCl fraction and the 2 N acetic acid fraction. The 
radioactive constituents actually present in the fractions (Table 
II) were determined by their ultraviolet spectra, by comparative 
paper chromatography with authentic compounds and by count- 
ing the radioactivity in the entire paper strip. In all cases, when 
the compound was considered to be chemically and radio- 
chemically pure by these criteria, the addition of carrier resulted 
in the calculated isotope dilution and no significant change in 
specific activity occurred on recrystallization. When the paper 
chromatography and the ultraviolet spectrum revealed that the 
fraction was essentially chemically and radiochemically pure it 
was not chromatographed further (Fractions 3 to 5). When 
Fractions 1 and 2 were rechromatographed on Dowex 1-formate 
the radioactivity was essentially all recovered in spectroscopically 
pure form as quinaldic acid. 

At this point the quantities of quinaldic acid in Fractions 1 
to 4 and of quinaldylglycine (Fraction 5) were calculated from 
the ultraviolet absorption of the quinoline derivative (7). The 
specific activity of the fraction was calculated from this informa- 
tion and the data in Table II. With the addition of a known 
quantity of the appropriate carrier followed by recrystallization, 
the expected isotope dilution was observed in Fractions 1 to 5, 
and no significant decrease in specific activity occurred on further 
recrystallizations. Thus, it was concluded that Fractions 3 to 
5 (Table II) and Fractions 1 and 2 after rechromatography on 
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TaBLeE II 
Distribution of C'* in various urine fractions obtained from Dowex 
50 and Dowez 2-acetate columns 
The fractions were eluted from Dowex 50 with HCl and from 
Dowex 2-acetate with acetic acid (see text). 


Urine represented in Table I, 
Frac- Experiment No. 
Eluted by | Radioactive constituents* 
III 
c.p.m. Nt c.p.m. %t 
1 |0.2N Quinaldic acid 191,400, 4.6) 282,000) 4.9 
HCl (88%) 
2 |0.5N Quinaldic acid 1,172,000; 28.2)1,129,500/19.5 
HCl (100%) 
3 | 3.0N Quinaldic acid 988 ,000' 21.4/1,199,500/20.7 
HCl (100%) 
4 |2wN Quinaldic acid 280,100| 6.7) 199,900) 3.4 
acetic; (100%) 
acid 
5 | 4N Quinaldylglycine /|1,620,500 30.02,564, 500144. 
acetic) (100%) 
acid 
6 |7N Quinaldylglycine 
acetic (80%) 
acid | Quinaldic acid 
(7%) 
Kynurenic acid 126,800) 3.1) 277,900 4.8 
(<1.1%) 
Total 4,378, 800/103 .0/5, 653 , 300.97 .5 
Total C" in first (4,152,000 5, 804 ,000 
24 hour urine | 
(from Table I) | | 


* The figure in parentheses after the name of the radioactive 
constituent indicates approximately the extent to which that 
constituent accounted for the radioactivity of the fraction. 

t Percentage of the radioactivity of the first 24-hour urine 
collection as indicated in Table I. 


Dowex 1-formate had been essentially chemically and radio- 
chemically pure before the addition of the carrier. 

As indicated above, Fraction 6 which contained relatively 
little radioactivity (Table II) was separated by gradient elution 
from Dowex 1-formate into two radioactive fractions. One of 
these contained 7% of the original radioactivity in the form of 
quinaldic acid. The other fraction contained 80% of the original 
radioactivity and paper chromatograms showed spots correspond- 
ing with quinaldylglycine and kynurenic acid. When the paper 
strip was checked for radioactivity it was found that there were 
5 c.p.m. in the kynurenic acid spot and 500 c.p.m. in the quin- 
aldylglycine spot. Furthermore, when this fraction was used as 
described above to attempt to isolate kynurenic acid with carrier 
recrystallization, the radioactivity in the 20 mg of added carrier 
gradually decreased from 750 c.p.m. per mg to 153 c.p.m. per 
mg in eight recrystallizations. It was calculated from these 
results that the kynurenic acid could have contained no more 
than 1.1% of the radioactivity of the original Fraction 6 (Table 
II) or less than 0.06% of the C™ in the first 24-hour urine col- 
lection after the ingestion of quinaldic acid-carboxyl-C™’. It was 
concluded, therefore, that little, if any, quinaldic acid was hy- 
droxylated to kynurenic acid. 

It was evident from Table II that the radioactivity in the 
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urine was essentially all accounted for by about equal quantities 
of quinaldic acid and quinaldylglycine. 

These conclusions were supported by the fact when the whole 
urine was chromatographed by gradient elution on Dowex 2- 
acetate as described, the majority of the radioactivity was eluted 
in two peaks which corresponded in position with quinaldic acid 
and quinaldylglycine (Fig. 1). There was a small peak of radio- 
activity (accounting for less than 2% of the total radioactivity 
of the urine) which was eluted between these major constituents 
(indicated as X in Fig. 1). When the contents of the tubes 
containing substance X were pooled, evaporated to dryness in a 
vacuum, heated at 100° for 2 hours in 6 N HCl, and rechromato- 
graphed with the same procedure, the radioactivity was eluted 
in two positions. One of these peaks corresponded in position 
with quinaldic acid and the other radioactive peak occurred at 
about Tube 95 (Fig. 1). This new elution peak (designated Y, 
Fig. 1) was chromatographically different from the substance 
eluted in peak X. When the contents of the tubes containing 
the radioactive substance designated Y were pooled, the acetic 
acid was removed under reduced pressure and the substance was 
rehydrolyzed with 6 N HC] at 100° for 2 hours, rechromatography 
of the hydrolyzed product by gradient elution from Dowex 2- 
acetate led to a recovery of all of the radioactivity as quinaldic 
acid. It was concluded, therefore, that substance X was a 
conjugate of quinaldic acid, which on acid hydrolysis yielded 
quinaldic acid, probably with the formation of substance Y as 
an intermediate. When whole urine was heated with 6 n HCl 
for 2 hours as described and chromatographed by a gradient 
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Fic. 1. Radioactivity elution curve obtained by gradient elu- 
tion of the unhydrolyzed urine of a rat which had previously in- 
gested quinaldic acid-carboxyl-C'*, @——@. The peak at Tubes 
10 to 24 contained quinaldic acid (QA), the peak from Tubes 24 
to 44 contained an unknown conjugate of quinaldic acid (X); 
quinaldylglycine (QAG) was eluted from Tubes 44 to 80. If 8- 
hydroxyquinaldic acid or kynurenic acid had been present in 
radioactive form they would have been eluted at the positions 
designated 8 OHQA and KA, respectively. 

When substance Y was present it was eluted between Tubes 85 
to 100, as indicated by the curve, O——O. 

Chromatography of the synthetic quinaldic acid-carboxyl-C" 
with this system (&——A) revealed one radioactive peak, cor- 
responding in position with quinaldic acid. 
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elution from Dowex 2-acetate there were peaks of radioactivity 
corresponding with quinaldic acid, quinaldylglycine, and sub- 
stance Y (peak X could not be detected). Isolation, rehydrol- 
ysis, and rechromatography of the fraction containing the 
radioactivity corresponding with peak Y again led to the re- 
covery of all of the radioactivity in a peak corresponding with 
quinaldic acid. Since substance X occurred in such small 
amounts and yielded quinaldic acid on hydrolysis it did not 
appear worthy of additional study. 

From the ultraviolet spectra of the isolated quinoline deriva- 
tives it was possible to estimate (7) the quantities of quinaldic 
acid and quinaldylglycine excreted in the first 24-hour urine in 
Experiments II and III. With these values and the total amount 
of radioactivity in the fractions (Table II) it was calculated that 
there was little, if any, dilution of the administered quinaldic 
acid-carboxyl-C™ in the rat. 

When 8-hydroxyquinaldic acid was added to the urine of these 
rats after the ingestion of quinaldic acid-carboxyl-C™ the 8-hy- 
droxyquinaldic acid which was recovered as described previously 
(10, 19) was not radioactive. Thus, quinaldic acid was not 
hydroxylated to 8-hydroxyquinaldic acid by the rat. This was 
of interest because 8-hydroxyquinaldic acid is a metabolite of 
xanthurenic acid (10) in the rat, but it apparently cannot be 
formed from quinaldic acid. 


SUMMARY 


It was found that about 90% of an oral dose of quinaldic acid- 
carboxyl-C™ was excreted in the urine of rats within 24 hours. 
About half of the radioactivity was present as free quinaldic 
acid and most of the rest was isolated as its glycine conjugate. 
Another conjugate, which accounted for less than 2% of the 
radioactivity, also yielded quinaldic acid on hydrolysis. 

No evidence could be obtained to indicate the hydroxylation 
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of quinaldic acid in the 4- or 8-positions. Thus, 4-hydroxyquin- 
aldic acid (kynurenic acid) and 8-hydroxyquinaldic acid, which 
are known metabolites of tryptophan, are not metabolites of 
quinaldic acid, another tryptophan metabolite, in the rat. 
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The Biosynthesis of Cytochrome c in Cell-free Systems 


I. THE INCORPORATION OF LABELED AMINO ACIDS INTO 
CYTOCHROME c BY RAT LIVER MITOCHONDRIA* 
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The use of cell-free systems has led to increased knowledge 
of what appear to be some of the intermediate steps in protein 
biosynthesis. However, considerable uncertainty exists in the 
interpretation of some of the results of these studies because it 
has not been possible to demonstrate a net increase in a dis- 
crete chemically characterized protein. Instead, the technique 
used has been to study the incorporation of labeled amino acids 
into material which has been precipitated with trichloroacetic 
acid and appropriately washed. | 

Because of the limitations of the incorporation technique, it 
has not been possible to establish whether a system under study 
is effecting the synthesis of a complete native protein, or whether 
the products formed are at best pieces of incomplete proteins or 
at worst simply polymers of amino acids with jumbled sequences. 
Furthermore, in the absence of net synthesis, it has been diffi- 
cult to differentiate between synthesis de novo and exchange 
reactions. An additional problem has been the difficulty of 
establishing that the radioactivity associated with the protein 
represents amino acid incorporation into the interior of the pro- 
tein chain, rather than some other type of binding. Although 
labeled peptides have been isolated (3, 4) after partial degrada- 
tion of such mixed labeled proteins, the interpretation of the 
results is not unequivocal. 

For these and other reasons, it was felt desirable to attempt to 
develop a cell-free system which can effect the formation of a 
single protein that can be isolated in highly purified form and 
can be characterized chemically. Other desirable properties of 
such a protein are the possession of catalytic activity and of a 
known amino acid sequence, at least in part. A knowledge of 
the amino acid sequence would permit one to establish unequiv- 
ocally that the labeled amino acid had been incorporated into 
the interior of the protein chain and, in addition, would open 
up new experimental approaches to the mechanism of protein 
synthesis. 

An investigation of the possible synthesis of cytochrome c by 
isolated mitochondria was prompted by the finding that mito- 
chondria are able to effect the incorporation of amino acids into 


* This investigation was supported in part by a grant (A-428 
(C4)) from the National Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service, and in part by a 
grant from the Muscular Dystrophy Associations of America. 
Preliminary reports of part of these studies have been presented 
(1, 2). 

t Predoctoral fellow of the United States Public Health Service. 
This work is taken from a thesis submitted to the Graduate School 
of Yale University in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. 


protein (4), the known localization of cytochrome c in these 
particles (5, 6), the availability of high resolution column chro- 
matographic procedures for the isolation of cytochrome c (7, 8), 
and the fact that a portion of its amino acid sequence was known 
(9). This communication describes studies on the incorporation 
of labeled amino acids into cytochrome c by rat liver mitochon- 
dria, and provides the first available evidence for the incorpora- 
tion in a cell-free system of amino acids into a single highly puri- 
fied protein. 

Preliminary communications describing part of this work have 
appeared (1, 2). Simultaneously, Campbell et al. (10) have 
published a brief note describing the incorporation of amino 
acids into serum albumin in a liver microsome system. Subse- 
quent to these, a report appeared (11) describing the incorpora- 
tion of amino acids into hemoglobin by reticulocyte microsomes. 
Amino acid incorporation into cytochrome c preparations has 
been studied in various tissues of the rat in vivo and in tissue 
slices (12). 

Continuation of the work on cytochrome c synthesis, with a 
remarkably stable preparation of calf heart mitochondria, per- 
mitted the demonstration that the labeled amino acids in cyto- 
chrome c were present in the expected positions of a heme-pep- 
tide of known sequence (13) which was isolated from cytochrome 
c after peptic digestion. In addition, evidence was obtained for 
the net synthesis of enzymatically active cytochrome c by the 
calf heart system. The results of the work with calf heart mito- 
chondria have been reported briefly (13) and will be published in 
detail shortly. 


EXPERIMENTAL 


Materials and Methods 


Animals—Male rats of the Sprague-Dawley strain, weighing 50 
to 150 g, were used to prepare the liver mitochondria. Larger 
animals were used to prepare the liver soluble fraction. 

Chemicals—Most of the chemicals used were obtained as de- 
scribed previously (4). In addition, the Sigma horse heart cyto- 
chrome c used in the incubation mixtures was purified before 
use by column chromatography except where otherwise indi- 
cated. pt-Valine-1-C™“ was obtained from the New England 
Nuclear Corporation and its radiochemical purity was checked 
by paper chromatography. Amberlite XE-64 was obtained 
from the Fisher Scientific Company under the symbol CG-50. 
Chloramphenicol was a product of Parke, Davis and Company. 
o-Phenanthroline was a product of the G. Frederick Smith 


Company. 
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Preparation of Cell Fractions—All operations were performed 
at 0 to 2° until the preparations were ready for incubation. The 
6-times washed mitochondrial fraction and the 100,000 x g super- 
natant fluid were prepared as described previously (4). Micro- 
somes were prepared by centrifuging at 10,000 x g for 10 minutes 
the supernatant fluid obtained from the preparations of mito- 
chondria. This centrifugation was repeated twice, and the pre- 
cipitate was discarded each time. ‘The supernatant fluid was 
then centrifuged at 100,000 x g for 1 hour, the pellet was sus- 
pended, and the suspension was used without further washing. 

Incubation Conditions and Treatment of Samples—The condi- 
tions of incubation are given in the legends to the tables. Sam- 
ples of total protein were precipitated, washed, plated on alumi- 
num planchets, and counted as described previously (4). It will 
be noted that in a few experiments, certain horse heart cyto- 
chrome c fractions possess a very low counting rate. The preci- 
sion of counting in these cases is within acceptable limits (5%), 
however, inasmuch as the samples were counted in a specially 
constructed low-background counter (4). Cytochrome c prep- 
arations were plated for counting on stainless steel planchets. 
In certain circumstances, platinum planchets were used and the 
different degree of backscattering was taken into account. Self- 
absorption corrections were made when necessary. The amount 
of cytochrome c on the planchet was determined gravimetrically 
on a microbalance or by absorbancy measurements at 407 mu. 
This wave length was used in preference to 550 mu because the 
small quantities of cytochrome c often handled required greater 
sensitivity of measurement. 

Isolation of Cytochrome c—The procedure used for the isolation 
of cytochrome c was essentially that of Keilin and Hartree (14) 
as modified by Rosenthal and Drabkin (15), followed by the 
column chromatographic procedures of Paléus and Neilands (7), 
modified as given below. Because of this and other modifica- 
tions, the reasons for which are discussed below, a full descrip- 
tion of the isolation procedure is given. It will be referred to in 
this paper as the modified Paléus and Neilands procedure. 

For each milliliter of the incubation mixture containing mito- 
chondria, 2 ml of extraction solution that contained 1.25 ml of 
0.05 m H.SO,, 0.50 ml of 2 m NH,OH, and 0.25 ml of H.O were 
added. The mixture was permitted to stand for 15 minutes at 
0° with stirring, after which it was frozen and thawed. The 
extract was centrifuged for 15 minutes at about 800 X g. For 
each milliliter of supernatant fluid, 0.25 g of solid ammonium 
sulfate was added with stirring, after which the solution was 
maintained at 56° for 15 minutes. The flask was then refrig- 
erated overnight and the contents were filtered through Whatman 
No. 40 filter paper. After dialysis of the filtrate against distilled 
H.O for 16 to 24 hours (24/32 Visking casing), the residual ma- 
terial in the sac was filtered on Whatman No. 1 paper and the 
cytochrome c in the filtrate was concentrated in a narrow band 
on a previously washed 0.9 cm X 16 cm Amberlite XE-64 col- 
umn. (The resin was washed according to Margoliash (8) with 
an additional sodium hypochlorite wash (16)). After the cyto- 
chrome-containing solution was placed on the column, the column 
was washed with 250 ml of 0.1 M ammonium acetate-ammonium 
hydroxide buffer, pH 9.0, and then with 1 liter of H,O. The 
cytochrome c was then eluted with 0.6% NH,OH. The NH; was 
removed from the eluate by evaporation of the solution to dry- 
ness. The remaining cytochrome was dissolved in water, was 
transferred to a centrifuge tube, 10 mg of unlabeled pL-valine 
(or pL-lysine, when applicable) were added, the cytochrome was 


H. M. Bates, V. M. Craddock, and M. V. Simpson 141 


precipitated by trichloroacetic acid (final concentration 5%), 
and the material was centrifuged. The addition of valine was 
repeated once and the precipitation procedure was repeated five 
times. The trichloroacetic acid was then removed by several 
extractions with ether, and the cytochrome was plated out on a 
flat planchet, dried in a vacuum-desiccator, weighed, and 
counted. 

It may be noted that dialysis has been substituted for tri- 
chloroacetic acid precipitation in the step before column chroma- 
tography. This was done because a number of difficulties were 
encountered with trichloroacetic acid precipitation at this step, 
including the occurrence of appreciable losses of cytochrome c. 
The reason for the introduction of this precipitation step after 
the column chromatography may be seen in Table I. Here are 
shown the results of an experiment in which mitochondria have 
been incubated in a medium containing valine-1-C“. The cyto- 
chrome c which emerged from the column possessed a surprisingly 
high specific radioactivity, which was not lowered even after 85 
hours of dialysis. Subsequent precipitation with trichloroacetic 
acid removed most of the counts from solution, however, and the 
remaining radioactivity was not lowered further by additional 
washing with trichloroacetic acid or, as will be shown later, by 
any other purification procedure applied. It may be noted that 
a good deal of cytochrome was lost on dialysis whereas the tri- 
chloroacetic acid precipitation procedure, at least when preceded 
by dialysis, led to quantitative recovery. That such precipita- 
tion removed all the labeled valine bound in this fashion was 
shown by an experiment in which 107 ¢.p.m. of DL-valine-1-C™ 
were added to 420 ug of commercial horse heart cytochrome c 
and the mixture dialyzed against unlabeled pt-valine and then 
precipitated with trichloroacetic acid. The results showed that 
even after dialysis for 85 hours, the specific activity was 6640 


TABLE I 


Binding of radioactivity to cytochrome c isolated from mitochondria 
incubated in presence of pL-valine-1-C'4 

The reaction mixture consisted of creatine phosphate, 500 
umoles; creatine kinase, 4 mg; ADP, 100 umoles; L-histidine buffer, 
pH 7.4, 1.6 mmoles; MgCl:, 200 wmoles; pui-valine-1-C™, 17.1 
pmoles containing 3.0 X 107 ¢.p.m.; soluble fraction, 8 ml; and 
the three- to six-times washed mitochondria obtained from 48 g 
of rat liver containing 190 mg of protein, and 0.25 m sucrose to 
make a final volume of 40 ml. Incubation was at 37° for 20 min- 
utes. The dialysis water was changed every 5 to 8 hours. The 
final concentration of the trichloroacetic acid used was 5% and 
the final concentration of unlabeled pu-valine in the trichloro- 
acetic acid-valine mixture was 0.0086 m. 


Amount of 
Treatment of cytochrome c after cytochrome c Specific activity 
elution from column after ter treatment 
treatment* 
Dialyzed versus H2O, 37 hrs........ 282 6250 
Dialyzed versus H2O, 85 hrs........ 196 5400 
Washed twice with trichloroacetic 
Washed twice more with trichloro- 
Washed twice more with trichloro- 
acetic acid-valine mixture....... 190 254 


* Determined spectrophotometrically. 
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TaBLeE II 


Dependence of valine-1-C'* incorporation into rat liver cytochrome 
c on external ATP-generating systems 


The reaction mixture for Experiment 1 consisted of L-histidine 
buffer, pH 7.4, 1.0 wmole; MgCl:, 125 uwmoles; pui-valine-1-C", 
10.8 wmoles, containing 1.9 X 107 c.p.m.; CP, 313 wmoles; ADP, 
50 umoles; creatine kinase, 4 mg; soluble fraction, 5 ml; and the 
six-times washed mitochondria obtained from 24 g of rat liver 
containing 90 mg of protein, in a final volume of 25ml. In Experi- 
‘ment 2, creatine kinase was omitted, and 3-PGA (325 umoles) 
was substituted for the CP. Incubation was at 37° for 20 min- 
utes. In the zero-time experiments, the acid extraction fluid was 
added to the incubation mixture immediately after the addition 
of the mitochondria. The amount of cytochrome c isolated was 
about 0.017 to 0.023 umole. 


Specific activity 
meat No. Conditions 
protein* Cytochrome ¢ 
c.p.m./mg 
1 Complete system (CP) 15.3 295 
—CP 1.6 65 
Zero time 0.4 7.1 
2 Complete system (3-PGA) 22 175 
—3 PGA 1.9 74 
Zero time 0.2 2.4 


* The total protein represents the protein remaining after the 
extraction of cytochrome c. 


c.p.m. per mg of cytochrome c. However, precipitation of the 
cytochrome twice with a trichloroacetic acid-unlabeled valine 
mixture removed the radioactivity completely. 

Isolation and Chromatography of the Heme Group of Cytochrome 
c—The thioether linkages binding heme to the protein moiety of 
cytochrome c were cleaved using Ag2SO, at acid pH according 
to the method of Paul (17). The protein was completely pre- 
cipitated by the addition of an acid-acetone solution leaving 
the heme in the supernatant fluid. The solution was then taken 
to dryness on a platinum planchet, weighed, and counted. The 
protein precipitate was washed and counted in the usual manner 
(4). 

When chromatography of the heme group was to be carried 
out, AgNO; or AgeSO, was used as the cleaving agent. An acid- 
ether solution was substituted for the acid-acetone, and the heme- 
containing acid-ether solution was washed twice with a 5% 
sodium acetate solution in a separatory funnel (18). Paper 
chromatography of the heme group was carried out as described 
by Morrison and Stotz (18). 

Iron Determinations—The cytochrome preparation whose iron 
content was to be determined was first dialyzed for 4 hours 
against a solution of 0.2 m ethylenediaminetetraacetic acid in 
glass-distilled water. The outer solution was then replaced by 
glass-distilled water and the dialysis was continued for an addi- 
tiona] 36 hours with periodic changes of the water. The sample 
was evaporated to dryness under reduced pressure and weighed. 
Its iron content was determined by the method of Paul (19) 
except that o-phenanthroline was substituted for dipyridyl. 
Soft iron wire was used to prepare the standard iron solution. 

Partial Hydrolysis of Cytochrome c—Approximately 2 mg of 
cytochrome c were hydrolyzed with 0.5 ml of 12 N HCl at 56° for 
8 hours in a sealed tube (20). The HCl was removed by re- 
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peated additions of water and distillation under reduced pres- 
sure in preparation for treatment with FDB.! 

Treatment with 1-Fluoro-2 , 4-dinitrobenzene—Cytochrome c and 
partial or total acid hydrolysates of cytochrome c were treated 
with FDB essentially according to the method of Sanger (21), 
Fractionation of the DNP-peptides formed after partial acid 
hydrolysis of cytochrome c was accomplished as described by 
Fraenkel-Conrat et al. (22); DNP-amino acids are extracted from 
aqueous solution into ether, small DNP-peptides into ethy] ace- 
tate, and larger DNP-peptides into sec-butanol. 

Isolation of DN P-valine—After treating cytochrome c with 
FDB, subjecting it to acid hydrolysis, and extracting the hydroly- 
sate with ether, the aqueous phase (containing free amino acids) 
was treated with FDB. Of carrier DNP-valine, 100 ug were 
added and the mixture was streaked on paper and chromato- 
graphed with the phenol-isoamy!] alcohol-water system of Bis- 
erte and Osteux (23). 


Calculations—Where the amount of cytochrome c is expressed | 


in umoles, 13,000 has been used as the molecular weight. 


RESULTS 


The results in Table I indicate that after incubation of liver 
mitochondria in the presence of valine-1-C", radioactivity be- 
comes incorporated into a trichloroacetic acid-washed cyto- 
chrome c preparation. If this reaction actually represents 
incorporation of valine into peptide linkage, and if the latter 
process is a manifestation of the synthesis of new peptide bonds 
(which would be the case were cytochrome c being synthesized), 
then the incorporation process should be energy dependent. 
Table II shows such a dependence. It may be seen that the 
incorporation is supported by added ATP generating systems 
using as substrates CP or 3-PGA. In the absence of these 
substrates, the incorporation proceeds at a greatly reduced rate. 
The small remaining incorporation could be deriving energy from 
oxidative phosphorylation proceeding at a low level and with 
endogenous substrates. The negligible zero-time values would 
support the idea that the radioactivity is not bound by adsorp- 
tion. As would be expected from previous studies (4), incorpora- 
tion into total protein also shows the energy dependence. It is 
of interest, however, to note the far greater rate of incorporation 
into cytochrome c than into total protein (from 8- to 20-fold 
difference in Table II to a 40-fold difference in Table III). Such 
differences were not found by Marsh and Drabkin (12) in their 
studies in vivo or with liver and kidney slices. 

If the mitochondria are incubated in a medium which permits 
them to carry on oxidative phosphorylation, then no external 
ATP-generating system need be added. Table III shows that 
oxidative phosphorylation supports the incorporation of valine 
and that almost complete inhibition is obtained by the addition 
of DNP or by anaerobiosis. The balance of the incorporation 
can be reduced to zero if, in addition to phosphorylation asso- 
ciated with terminal electron transport, virtually all other path- 
ways of ATP synthesis (e.g., substrate level phosphorylations 
in glycolysis and in the Krebs cycle) are suppressed by the use 
of arsenate and fluoride. It can also be seen that when labeled 
lysine is substituted for labeled valine, the strong energy depend- 
ence of incorporation is maintained. 

As has been shown previously (4) for incorporation into total 


1 The abbreviations used are: FDB, 1-fluoro-2,4-dinitrobenzene; 
CP, creatine phosphate; 3-PGA, p-3-phosphoglyceric acid; DNP, 
dinitrophenol; and DNP.-, dinitrophenyl-. 
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mitochondrial proteins, incorporation into cytochrome c is also 
strongly dependent upon the presence of the soluble fraction of 
the cell. This activity of the soluble fraction is not lost on 
boiling? (24) and preliminary experiments? indicate that the 
activity in the soluble fraction may be accounted for, at least in 
part, by its content of amino acids and of RNA. 

Also of interest is the inhibition of valine incorporation by 
chloramphenicol. The effect of various concentrations of this 
substance needs to be studied, however, particularly since a 
rather high concentration was used in this experiment. 

Purity of Cytochrome c—Paléus and Neilands (7) had demon- 
strated that their chromatographic procedure led to the isola- 
tion of beef heart cytochrome c of a high purity. Later, 
however, Margoliash (8), in an extensive study of the chroma- 
tographic behavior of the protein, found that horse heart 
cytochrome c could be resolved into several fractions by column 
chromatography. Except for one noncytochrome peak, all 
fractions obtained in this procedure appear to have some of the 
properties of cytochrome c. It was evident, therefore, that the 
state of purity of heart cytochrome c was open to question and, 
furthermore, little was known of the homogeneity of rat liver 
cytochrome c. Hagihara et al. (25, 26) have recently published 
details of their work on the preparation and crystallization of 
what appears to be one of the most highly purified cytochrome c 
preparations thus far available. It was thus possible to compare 
some of the properties of our cytochrome preparations with 
those reported by these and other authors. In making such 
comparisons, however, it must be kept in mind that the cyto- 
chromes derived from different species (or different organs), 
while similar in many respects, may not be identical in every 
property. 

In addition to a description of these studies, the results of 
experiments on the radiochemical purity of the cytochrome c 
are also given in what follows. 

Additional Chromatography of Cytochrome c—Because of the 
multiplicity of peaks obtained by Margoliash on chromatography 
of horse heart cytochrome c, it was thought desirable to further 
test the homogeneity of our rat liver preparation by rechroma- 
tography with the Margoliash two-step procedure. For compari- 
son with the results of Margoliash (8), a sample of previously 
unchromatographed commercial horse heart cytochrome c was 
also run. The results obtained with the latter preparation are 
shown in Fig. 1. The chromatographic pattern obtained agrees 
qualitatively with that reported by Margoliash (8). <A notable 
difference, however, is the high proportion of Fraction C as 
compared with D, whereas the reverse was found by Margoliash. 
According to this author,’ Peak C is very likely alkaline dena- 
tured cytochrome c, and its amount depends on the source of the 
cytochrome, the preparative method for the crude preparation, 
and the extent of exposure to alkali during the column procedure. 

When horse heart cytochrome c which had previously been 
chromatographed by the modified Paléus and Neilands method 
was subjected to the procedure of Margoliash, a pattern similar 
to that obtained for the previously unchromatographed (com- 
mercial) cytochrome c was observed, an indication of the high 
resolving power of the latter method. However, rat liver cyto- 
chrome c does not present this pattern. Chromatography by 
the Margoliash method of a sample of rat liver cytochrome c 


2V. Murthy, J. Lucas, and M. V. Simpson, unpublished observa- 
tions. 
Margoliash, personal communication. 


H. M. Bates, V. M. Craddock, and M. V. Simpson 143 


TABLE 


Dependence of incorporation of labeled amino acids into rat liver 
cytochrome c on oxidative phosphorylation 


The reaction mixture in Experiments 1 and 2 consisted of 
potassium succinate, 250 umoles; L-histidine buffer, pH 7.4, 1.0 
mmole; MgCl:, 250 umoles; horse heart cytochrome c, 5.0 X 107% 
umole; AMP, 200 umoles; pL-valine-1-C', 10.8 wmoles containing 
1.9 X 107 c.p.m., potassium orthophosphate, 250 wmoles; soluble 
fraction, 5 ml; and the six-times washed mitochondria obtained 
from 24 g of rat liver containing 90 mg of protein, in 4 final volume 
of 25 ml. The final concentrations of the inhibitors used were: 
DNP, 3.0 X 10-4 m; KF, 0.01 mM; sodium arsenate, 0.002 m; and 
chloramphenicol, 500 wg per ml. In Experiment 3, pt-lysine- 
1-C'4 was substituted for pu-valine-1-C!4. The flasks were incu- 
bated at 37° for 20 minutes. The zero-time experiments were 
performed as described in the legend to Table II. The amount of 
cytochrome c isolated from each flask was about 0.017 to 0.023 
umole after correction for the cytochrome added to the reaction 
mixture. 


Specific activity 
Experi Conditions 
protein* Cytochrome c¢ 
c.p.m./mg 
1 Complete system 22.1 875 
+ DNP 0.7 7 
Ne atmosphere 1.3 67 
Zero-time experiment 0 0 
2 Complete system 21.2 509 
+ DNP, AsO,-, F-, No at- 0.1 0 
mosphere 
+ Chloramphenicol 5.1 55 
— Soluble fraction 7.2 125 
3 Complete system (lys-C'*) 14.3 179 
+ DNP 1.9 20 
Zero-time experiment 0.5 2.8 


* See footnote to Table II. 


obtained by the modified Paléus and Neilands procedure, shows 
only one peak (Fig. 1), either during the pH 7 or the pH 9.6 
steps. It can also be seen that the Peak E, obtained at 407 muy, 
the Soret band for oxidized cytochrome c, is paralleled by a peak 
obtained at 280 mu. Calculation of the 280 my per 407 mu 
absorbancy ratios throughout the extent of either Peaks E or 
F shows them to be remarkably constant, varying randomly 
from 0.177 to 0.179. Thus, if there is more than one heme 
protein in the rat liver cytochrome preparation, the Margoliash 
procedure provides no evidence for it. 

Spectrophotometric Observations—Table IV presents some spec- 
trophotometric data obtained in studies on rat liver cyto- 
chrome preparations isolated by the modified Paléus and Nei- 
lands procedure. The values obtained agree well with the 
literature values for horse and beef heart cytochrome c in all 
but the 280 to 407 ratio, which is about 16% lower than the 
value calculated from the spectrum given by Hagihara et al. (16) 
for the crystalline beef heart preparation. Were the low ratio a 
reflection of a lower absorbancy at 280 my (resulting from a lower 
tyrosine content, for example), the 550 to 280 ratio should be 
correspondingly high. Although it is slightly higher than the 
values obtained by some workers and about 10% higher than 
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Fic. 1. Chromatography of horse heart and rat liver cyto- 
chrome c by the method of Margoliash (8). The developing sol- 
vent was 0.25 M ammonium acetate pH 7.0, in the upper graphs. 
Fraction A (and E) is then rechromatographed with 0.25 m am- 
monia-ammonium acetate buffer pH 9.6 (lower graphs). The 
arrows indicate a change in the developing solvent to 0.5 M am- 
monia. Each tube contained 3.0 ml of effluent. The horse heart 
preparation was a commercial one (Sigma) and contained 0.35% 
Fe; the rat liver preparation was one which had been purified by 
chromatography in the usual manner. Each tube contained 3 ml 
of effluent. The small peak which emerges before peak A is the 
‘‘noncytochrome fraction’’ described by Margoliash (8). @, Ab- 
sorbancy at 407 mu; O, absorbancy at 280 mu. 


TABLE IV 


Spectrophotometric data and iron content of purified rat liver 
cytochrome c preparations 


20 140 60 80 
NH; 


Rat liver Literature* 
ay at 407 my 12.0 X 104 | 10.6 & 104 (35) 
ay at 550 my (reduced) 2.79 X 104 | Beef, 
2.77 X 104 (27) 
Horse, 
2.77 X 104 (8) 
280 my (oxidized) 1.25 (25) 
Horse, 
1.19 (8); 1.24 (28) 
280 my one 0.180 Beef, 
407 my (oxidized) 0.215 (16) 
Iron content (per cent) 0.443 Beef, 
0.45 (25); 0.466 (7) 
Horse, 
0.452 (8); 0.466 (30) 


* All preparations given are from heart. The numbers in 


parentheses denote bibliographic citations. 
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the value obtained by Margoliash for his purest preparations, it 
is difficult to explain the 16% difference by a decreased 280 my 
absorbancy. The possibility may be considered that a very 
small amount of a protein-free heme derivative is present as an 
impurity in the rat liver preparation. It is also possible that 
the structure of the protein moiety of rat liver cytochrome c is 
such as to cause hyperchromicity in the Soret region. 

Iron Determinations—Although a given precise value for iron 
content is not, in itself, a good criterion of the purity of a cyto- 
chrome c preparation (29), very low iron values are significant 
and indicate contamination by other substances. The value 
found for the iron content of rat liver cytochrome c is given in 
Table IV. Although the validity of comparing the iron contents 
of cytochrome preparations from different species is uncertain, 
it may be permissible to cite some recent iron values (Table IV) 
for what are probably the purest preparations of heart cyto- 
chrome c thus far obtained. It may be seen that the iron content 
of the rat liver preparation is slightly lower than these values. 
Further work is needed to determine whether this difference 
represents experimental error, a chemical difference between 
cytochromes of different species, or the presence of an impurity. 

Paper Electrophoresis of Cytochrome c—In order to test the 
possibility that all or part of the observed labeling of the cyto- 
chrome preparation resulted from its contamination by other 
labeled proteins which were not removed by column chroma- 
tography, a sample of labeled cytochrome c was subjected to 
paper electrophoresis, the cytochrome band was eluted, and its 
specific activity was redetermined. The results presented in 
Table V show that the specific radioactivity of the cytochrome 
preparation remained constant. The slight increase in the 
amount of cytochrome c determined gravimetrically arises from 


TABLE V 
Paper electrophoresis of labeled rat liver cytochrome c 


The sample of labeled rat liver cytochrome c used in this experi- 
ment was the same material as that reported on in Table III, Ex- 
periment 1, complete system. The unlabeled cytochrome c was a 
commercial horse-heart preparation purified by chromatography. 
In aqueous solution 122 ug of this preparation were mixed with 1.0 
mg of pL-valine-1-C"4 containing 107 c.p.m. Paper electrophoresis 
was carried out in 0.05 m phosphate buffer, pH 6.7, at a potential 
drop of 3 volts per cm, for 21 hours. The cytochrome c band was 
eluted with water, and washed with trichloroacetic acid in the 
usual manner before plating and counting. 


Weight of cytochrome c¢ 
Conditions Spectro- Specific activity 
Gravimetric 
(407 my) 
c.p.m./mg 
HE us cytochrome c 
Before electrophoresis...... 132 147 875 
After electrophoresis. ..... 126 153 862 
Unlabeled cytochrome c + 
valine-1-C'4, after elec- 
trophoresis............... Undetectable 
radioactiv- 
ity* 


* Determined by cutting the filter paper into squares and count- 
ing in a low background counter (4). Inasmuch as the cyto- 
chrome was not eluted, its amount after electrophoresis is not re- 
ported. 
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contaminants in the paper which are eluted along with the 
cytochrome, and which are not removed by the washing with 
trichloroacetic acid. The lack of correspondence in this experi- 
ment between the amount of cytochrome as determined gravi- 
metrically and spectrophotometrically before electrophoresis is 
not understood. This difficulty was not encountered with most 
other cytochrome preparations. 

The results of this experiment also indicate that the radio- 
activity in the cytochrome preparation does not result from the 
presence of loosely bound or adsorbed valine. The ability of 
this electrophoretic procedure to separate noncovalently bound 
valine from cytochrome c is shown by the following experiment: 
When a sample of horse heart cytochrome c was mixed with 
labeled valine (a procedure which renders the two substances 
inseparable by dialysis), and then subjected to electrophoresis, 
the two substances separated completely; the cytochrome, con- 
tained in a single sharp band, was not radioactive. It may be 
noted that the unlabeled cytochrome c used in this control experi- 
ment was derived from horse heart, and is a sample of the same 
preparation which was resolved into several fractions by the 
method of Margoliash (Fig. 1). The electrophoresis procedure 
used apparently possesses insufficient resolution to fractionate 
the cytochrome c. 

Studies on Heme Group—In order to ascertain whether any 
of the radioactivity in the labeled cytochrome c was in the heme 
group, this moiety was cleaved off, and the heme and protein 
were counted separately. The results, given in Table VI, show 
that no radioactivity could be detected in the heme group and 
that the specific activity of the protein portion of cytochrome c 
was equal to that of the whole molecule itself, when the specific 
activity is expressed as c.p.m. per umole. 

The recent work of Morrison and Stotz (18) has raised the 
question of the homogeneity of cytochrome c with respect to the 
structure of the porphyrin. These workers have found that 
when the heme group is removed by AgNO; from a highly purified 
preparation of cytochrome c (isolated by the method of Margo- 
liash (8)) and the resulting material is chromatographed on 
paper, two spots are obtained. 

In order to test this possibility with our preparations, samples 
of rat liver cytochrome c and, as controls, of horse heart cyto- 
chrome c, were subjected to the cleavage procedure, except that 
Ag2SO, (17) was used as the cleaving agent. Only one spot was 
observed in the case of the liver enzyme and, in contrast to the 
results of Morrison and Stotz, only one spot was observed with 
the horse heart preparation. However, when AgNO; (according 
to the method of Morrison and Stotz (18)), was used to effect the 
cleavage, two spots were observed in each of the two prepara- 
tions. The results are shown in Fig. 2. In his investigations 
of a method for cleaving the heme groups from cytochrome c, 
Paul (17) rejects the use of AgNO; in favor of AgeSO, because, 
at the acid pH of the cleavage reaction, a strong possibility of 
the oxidation of the heme by nitrate ion exists. The possibility 
must be considered that Morrison and Stotz have observed an 
artifact produced by nitrate oxidation of the heme. 

Incorporation into Fractions of Horse Heart Cytochrome c—In 
the incorporation experiments in which oxidative phosphoryla- 
tion was used as the energy source, small amounts of commercial 
horse heart cytochrome c were added to the incubation mixture 
to promote oxidation (31). When cytochrome c is isolated from 
such an incubation mixture by the modified Paléus and Neilands 
(7) chromatographic method and is then subjected to the Margo- 
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TaBLe VI 
C4 content of porphyrin and protein moieties of labeled cytochrome c 


The sample of labeled rat liver cytochrome c used in this ex- 
periment was the same material as that reported on in Table II, 
Experiment 1, complete system. For purpose of calculation, the 
molecular weights of cytochrome c and of the apoprotein after 
removal of the heme were taken as 13,000 and 12,364, respectively. 


Sample Specific activity 
c.p.m./umole 
cytochrome c 
Intact cytochrome 3840 
1.0 
2:2 
0.8F 
Oo 
O0.6F 
a O 2a 
O 
04+ O 
0.2+ 


O 
O 


BENZENE PYRIDINE 
PICRIC ACID ISOPROPANOL 
ISOPROPANOL AMMONIA 


Fic. 2. Chromatography of the iron-porphyrin products ob- 
tained after cleavage of the thioether bonds of cytochrome c with 
silver salts. Chromatography was done according to Morrison 
and Stotz (18). The letters in the figure represent the following 
preparations of cytochrome c, chromatographically purified unless 
otherwise indicated: A, rat liver cytochrome c cleaved with 
Ag2SQ,; B, rat liver cytochrome c cleaved with AgNO;; C, horse 
heart cytochrome c cleaved with Ag2SO,; D, horse heart cyto- 
chrome c cleaved with AgNO;; HZ, commercial horse heart cyto- 
chrome c (0.37% Fe) cleaved with Ag2SO,. 


liash (8) procedure, Fractions A and C would be expected to 
contain both horse heart cytochrome c and rat liver cytochrome 
c, since these two cytochromes move at identical rates on the 
column (Fig. 1). Fractions B and D would be derived from the 
horse heart preparation since rat liver cytochrome c does not 
contain these fractions (Fig. 1). An opportunity is thus provided 
for determining whether Fractions B and D of horse heart 
cytochrome c become labeled with valine-1-C" during incubation 
in the rat liver system. The results in Table VII indicate the 
presence of a large amount of labeling in the fractions which 
contain rat liver cytochrome c and only about 3% of this amount 
in the fractions which contain only the horse heart enzyme. 
The results to be described show that even this small amount 
of labeling is an artifact. 
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TaBLe VII 
Radioactivity in fractions of labeled cytochrome c preparation 
chromatographed according to Margoliash (8) 

The sample of cytochrome c used was obtained by pooling cyto- 
chrome preparations (isolated by the modified Paléus and Nei- 
lands (7) method) from a number of experiments, the incubation 
conditions of which were as described in the legend to Table III. 
Oxidative phosphorylation was used as the energy source in all 
these experiments and all incubation mixtures contain added 
horse heart cytochrome c. Fractions A and C represent mixtures 
of horse heart and rat liver cytochrome c; B and D are fractions of 
only the horse heart preparation. The chromatographic pattern 
and a brief description of the procedure of Margoliash (8) are 
given in the legend to Fig. 1. 


Fraction of Specific activity 
c 
Starting material 835 562 
A 752 613 
B 68 22 
C 605 694 
D 96 19 
TaBLeE VIII 


Treatment of valine-labeled cytochrome c with FDB 
The cytochrome c fractions used were those reported in Table 
VII. The DNP-valine was isolated by paper chromatography 
(see ‘‘Methods’’). 


Total radioactivity 
Material counted 
Fraction C (Fractions B, D 
c.p.m. 
Purified cytochrome c 419 3.4 
Ether extractable material after acid 18 2.8 
hydrolysis of DNP-cytochrome c 
Material in aqueous phase, ether ex- 334 0.0 


tractable after FDB treatment 

DNP-valine isolated from material in 323 
aqueous phase, ether extractable after 
FDB treatment 


TABLE IX 


FDB treatment of partial hydrolysate of rat liver cytochrome c 
labeled with valine-1-C™* 


Fraction Total radioactivity 
c.p.m. 
Ether (DNP-amino acids). .................... 32 
Ethyl acetate (small DNP-peptides).......... 270 
Sec-butanol (larger DNP-peptides)............ 130 


FDB Treatment of Cytochrome c—Whereas the previous results 
suggested that only rat liver cytochrome c was incorporating 
valine to an appreciable extent, the presence of the small amount 
of radioactivity in the horse liver Fractions B and D cast some 
doubt on the validity of the labeling of all the cytochrome prepa- 
rations. Many possibilities exist for the spurious labeling of 
cytochrome c. Among these are adsorption and the recently 
discovered reaction (32, 33) in which amino acid adenylates, 


Vol. 235, No. 1 


mixed carboxyl-phosphate anhydrides suspected of being inter- 
mediates in protein synthesis, acylate the amino groups of pro- 
teins to form substituted amide bonds. Because of their exposed 
amino groups, amino acids bound in this manner have been 
detected by treatment of the protein with FDB. Likewise, 
adsorbed amino acids may well react with this reagent. How- 
ever, an amino acid incorporated into the interior of the protein 
chain, as would be the case in protein synthesis, would not react. 

It was of interest to use this technique on the fractions for 
which data are given in Table VII. Inasmuch as cytochrome 
Fractions B and D were small in amount, they were pooled for 
more convenient handling and more precise counting. The 
results are shown in Table VIII. It may be seen that with 
Fraction C, very little label appears in the DNP-amino acid frac- 
tion. Most of the labeled valine, identified and isolated by 
paper chromatography, appears in the aqueous fraction, support- 
ing the view that the labeled valine had been incorporated into 
the interior of the protein chain. On the other hand, almost all 
the radioactivity of combined Fractions B and D appears in the 
ether phase, indicating the presence of DNP-valine; no valine 
appears to have been incorporated into the interior of the mole- 
cule. In both cases about 16% of the total radioactivity of the 
starting cytochrome c remained unaccounted for. It is of inter- 
est that virtually all the radioactivity in the aqueous phase could 
tentatively be identified by chromatography as valine. 

In order to further test the possibility that the radioactivity 
associated with cytochrome c was a result of the adsorption of 
valine, the products of partial hydrolysis of the protein were 
studied with the thought that any valine which had been ad- 
sorbed to the intact molecule might have less affinity for small 
peptides and appear as free valine after hydrolysis. Cytochrome 
c was subjected to partial acid hydrolysis, the resulting hydroly- 
sate was treated with FDB, and the aqueous solution was then 
extracted successively with ether, ethyl acetate, and sec-butanol. 
According to Fraenkel-Conrat et al. (22), N(a)-(2,4-dinitro- 
pheny])-amino acids are extracted by ether, small DN P-peptides 
by ethyl acetate, and larger DNP-peptides by sec-butanol. As 
can be seen in Table IX, the major portion of the radioactivity 
appeared in the small and large peptide fractions with only a 
small amount in the DNP-amino acid fraction. 

Experiments with Liver Microsomes—The ability of mito- 
chondria to synthesize cytochrome c does not exclude the possi- 
bility that other subcellular units may also be carrying out this 
synthesis. The possible role of the microsomes in this process 
was studied. Liver microsomes were incubated under the usual 
conditions (see Table X) except that, because of the low or 
negligible cytochrome c content of microsomes, carrier rat liver 
cytochrome c was added to the incubation mixture. For pur- 
poses of comparison, rat liver mitochondria were incubated in a 
parallel flask to which an equal amount of cytochrome c was 
added. Thus, the cytochrome content of the flask containing 
mitochondria was higher (about 2-fold) than that of the micro- 
some flask. Under these circumstances an equal rate of synthesis 
of new cytochrome c in the two flasks should yield isolated prepa- 
rations in which the specific radioactivity of the cytochrome c 
from the microsome flask is higher. The results shown in Table 
X clearly demonstrate that, while the activity of the microsomal 
preparation is quite high with respect to the incorporation of 
valine into total protein, there is negligible incorporation into 
cytochrome c (0.3% of that into mitochondria). In assessing 
the role of the microsomes, the interpretation of the results 
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depends on the relative amounts of mitochondria and microsomes 
in the two flasks. These were not widely different. The results 
of this experiment may also be regarded as strong evidence, in 
addition to that already presented (4), that the amino acid 
incorporating activity of the mitochondrial preparations studied 
results from the activity of mitochondria per se, rather than from 
contamination by microsomes. 


DISCUSSION 


The aim in the initiation of this work was the development of 
a cell-free system in which the synthesis of a highly purified, well 
characterized, protein could be studied. The results on rat liver 
mitochondria which have been presented here represent a step 
in this direction, the study of cytochrome c synthesis by means 
of the incorporation of labeled amino acids. 

The view that the incorporation of labeled valine into cyto- 
chrome c by rat liver mitochondria is a manifestation of the 
synthesis of cytochrome c is based on several lines of evidence. 
First, the state of purity of the cytochrome preparation as deter- 
mined by spectrophotometric data, by paper electrophoresis, by 
iron content, by paper chromatography of the heme groups, and 
by rechromatography in a different system, leaves little doubt 
that the labeling of the heme protein preparation is that of cyto- 
chrome c itself and not of a contaminating protein. In addition, 
it has been shown that it is the protein moiety and not the heme 
group which is labeled. Second, the negligible incorporation in 
zero-time experiments, the failure to demonstrate the presence 
of labeled DNP-valine after treatment of radioactive cytochrome 
c with FDB, together with the finding that FDB treatment of 
partially hydrolyzed, labeled, cytochrome c permitted the isola- 
tion of labeled DNP-peptide fractions, gives strong indication 
that the valine-1-C' has been incorporated into the interior of 
the protein chain. Finally, the metabolic results which demon- 
strate an absolute dependence on a supply of energy support the 
view that the process being studied is protein synthesis de novo. 
Although chloramphenicol, a substance which has been shown 
to inhibit protein synthesis in a variety of organisms, suppresses 
amino acid incorporation into cytochrome c, its significance in 
these studies cannot be assessed until more is known of its mode 
of action. 

Whereas the results presented strongly favor the view that 
cytochrome c is being synthesized in this system, the evidence 
cannot be considered more than presumptive. Conclusive 
proof of the synthesis of a protein requires the demonstration (a) 
of a net increase in the amount of the protein, (6) that labeled 
amino acids can be incorporated into the protein at a rate which 
correlates with the extent of net synthesis, (c) that the labeled 
amino acids are present in their expected positions in the amino 
acid sequence of the protein and in no other positions, and (d) 
that the protein, if an enzyme, has the correct specific enzymic 
activity. Such proof, presented briefly (13), has been obtained 
for cytochrome c synthesis by calf heart mitochondria. More 
complete details of these results will be published shortly. 

The demonstration of the ability of the mitochondria to 
synthesize cytochrome c raises the question of their possible role 
in the synthesis of other proteins with whose function they are 
usually associated. For example, it would be of interest to 
determine whether other mitochondrial enzymes associated with 
electron transport are also synthesized in this subcellular struc- 
ture. Evidence already exists for the synthesis of prothrombin 
in these subcellular particles (34). 
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TABLE X 
Inability of rat liver microsomes to incorporate valine-1-C'™ into 
cytochrome c 

The reaction mixture consisted of creatine phosphate, 180 
umoles; ADP, 60 wmoles; MgCl:, 75 uwmoles; pu-valine-1-C™, 6.4 
umoles containing 1.88 X 10° c.p.m.; rat liver soluble fraction, 3 
ml; the mitochondria or microsomes from 29 g of rat liver; and 
0.25 m sucrose to make a final volume of 15 ml. In addition, 200 
pg of chromatographically purified rat-liver cytochrome c were 
added to all flasks. The flasks were incubated at 37° for 20 min- 
utes. 


Specific activity 
System Conditions 
Total protein* | Cytochrome ¢ 
Mitochondria | Complete system —CP, 28.4 644 
—ADP 6.2 58 
Microsomes Complete system —CP,| 110 2.3 
—ADP 15.7 1.8 


* See footnote to Table IT. 


SUMMARY 


The incorporation by liver mitochondria of labeled amino 
acids into a single highly purified protein, cytochrome c, has 
been studied. The incorporation process is dependent upon a 
supply of adenosine triphosphate which can be generated either 
by oxidative phosphorylation or by added generating systems 
with the use of creatine phosphate or 3-phosphoglyceric acid as 
substrates. The soluble fraction of the cell is also required. 

The purity of the cytochrome c preparations was checked 


spectrophotometrically, by iron content, by rechromatography 


in a different system, and by paper electrophoresis. In addition, 
preliminary evidence was obtained for the incorporation of the 
labeled amino acids into the interior of the protein chain. 
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The formation of 5-amino-1-ribosyl-4-imidazolecarboxamide 
5/-phosphate by bacterial extracts incubated with adenosine 
triphosphate, an ATP-generating system, ribose-5-P, and glu- 
tamine has been reported by Love (1) and by Gots and Gollub 
(2). We have been able to confirm these observations; in addi- 
tion we find that a derivative of ACP,! rather than ACP itself, 
is formed when glutamine is omitted (3). There is no evidence 
for the participation of such a compound in the sequence of reac- 
tions responsible for the synthesis de novo of the purine precursor, 
ACP (4). This finding suggested that the observed formation 
of ACP from ATP, ribose-5-P, and glutamine is the result of 
reactions other than those involved in the biosynthesis of purines. 
Such an interpretation is also supported by these additional 
observations: (a) Dialyzed bacterial extracts are able to produce 
ACP in the absence of added formate, CO2, and glycine, com- 
pounds which are all necessary for its synthesis de novo (2). (0) 
Added glycine-2-C" is not incorporated into the ACP produced.? 
(c) ACP is produced by extracts of a mutant which lacks the 
ability to convert 5-amino-1-ribosylimidazole 5’-phosphate to 
ACP. an essential reaction in the biosynthesis of purines (1). 

A possible source of the ACP produced under these circum- 
stances is ATP itself. The hypothesis that ACP is indeed 
derived from ATP by removal of a carbon atom and a nitrogen 
atom was confirmed by the demonstration that added AMP-8- 
C4, which equilibrates readily with ATP, was incorporated into 
the ACP without dilution. Furthermore, earlier experiments 
in this (5, 6) and other laboratories (7, 8) had shown that bacteria 
are capable of obtaining the N,-C2 portion of the imidazole ring 
of histidine from carbon 2 and an attached nitrogen atom of 
purine bases provided in the growth medium. The possibility 
therefore had to be considered that the conversion of ATP to 
ACP was involved in the biosynthesis of the imidazole ring of 
histidine. This assumption was substantiated by the finding 
that in addition to ACP a histidine precursor, D-erythro-imidazole- 
glycerol phosphate ester, is a product of these reactions. 

The nature of these enzymatic steps and the evidence for their 
role in histidine biosynthesis are the subject of this paper. 


EXPERIMENTAL 


Materials and Methods 


Bacteria—Aerobacter aerogenes, strain 1033, and the guanine- 
requiring mutant, strain P-14, derived from it have been de- 


* This work was supported in part by research grants from the 
National Science Foundation (NSF-G1295) and from the United 
States Public Health Service (C-2864). 

1 The abbreviation used is: ACP, 5-amino-1-ribosy]-4-imidazole- 
carboxamide 5’-phosphate. 

2 Personal communication from J. M. Buchanan. 


scribed in a previous communication (9). The histidine-requir- 
ing mutants of Salmonella typhimurium (strains, hi A-5, hi B-12, 
and hi F-41) were obtained from Dr. M. Demeree of the Long 
Island Biological Association. The methods of cultivation have 
been described previously (10). 

Chemicals—Dipotassium ATP and AMP (Pabst Brewing 
Company); AMP-8-C", adenine-2-C™, the barium salt of ribose- 
5-P, and glutathione (Schwartz Laboratories, Inc.); glutamine 
and protamine sulfate (Nutritional Biochemicals Corporation); 
and dilithium acetyl-P (Mann Research Laboratories, Inc.) were 
commercial preparations. Ribose-5-P-1-C™, imidazoleglycerol 
phosphate, and imidazoleformaldehyde were gifts of Dr. Bruce 
Ames. 

Analytical Methods—AMP was identified and estimated by its 
ultraviolet absorption spectrum ; imidazoleglycerol phosphate was 
estimated by its reaction with diazosulfanilic acid (11) or by 
oxidation to imidazoleformaldehyde with periodic acid (12); and 
ACP was estimated by its ultraviolet extinction at 267 my (13) 
or by the test of Bratton and Marshall (14) for diazotizable 
amines. 

Preparation of Extracts—Extracts* were prepared by sonic 
oscillation of cell suspensions (5 g of packed cells per 25 ml of 
0.03 M potassium phosphate buffer, pH 7.4) for 6 minutes in a 
10 ke. magnetostrictive oscillator (Raytheon). Intact cells and 
large particles were removed by centrifugation for 15 minutes at 
25,000 X g. The extracts were dialyzed for 16 hours against 
0.03 m potassium phosphate buffer, pH 7.4. To each 100 ml of 
dialyzed extract, 12 ml of a 2% solution of protamine sulfate 
were added. The resulting precipitate was removed by cen- 
trifugation and discarded. The protein content of the treated 
extracts was usually 10 to 12 mg per ml. 

Assay System—The reaction mixture contained per ml: ATP, 
2.1 wmoles; ribose-5-P, 4.2 uwmoles; acetyl-P, 16.3 umoles; re- 
duced glutathione, 12.6 wmoles; glutamine, 12.6 umoles; tris- 
(hydroxymethyl)aminomethane, pH 8.06, 84 uwmoles; MgCh, 
16.8 wmoles; and 0.33 ml of treated extract. The volume of the 
reactio.: ‘aixture for routine assays was 0.6 ml. After 15 minutes 
at 37° the reaction mixture was deproteinized by the addition of 
an equal volume of 10% trichloroacetic acid; the arylamine 
formed was determined by the method of Bratton and Marshall 
(14); the imidazole derivative formed was determined by its’ 
reaction with diazosulfanilic acid (11). 


RESULTS 
Formation of Arylamine and Imidazole—Extracts of several 
bacterial species acting on ATP, ribose-5-P, glutamine, and 


3 Extracts of the histidine requiring mutants were prepared 
from cells which had been grown in a mineral-salts glucose medium 
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TaBLeE I 
Arylamine and imidazole formation 
Extract prepared from Arylamine* | Imidazolet 
pmole/15 min. 

A. aerogenes, 1033 grown in minimal me- 

A. aerogenes, P-14, grown in minimal me- 

dium + 10 ug/ml of guanine............ 0.11 
E. colt, W grown in minimal medium..... 0.07 0.05 
S. typhimurium, hi B-12 grown in minimal 

medium + 4 zg/ml of histidine.......... 0.07 0.04 


* 5-Amino-4-imidazolecarboxamide was used as the standard. 
Tt Imidazoleglycerol phosphate was used as the standard. 


acetyl-P produce similar amounts of an arylamine and, under 
the experimental conditions employed, less than an equivalent 
amount of an imidazole (Table I). However, when the reaction 
is allowed to proceed to completion, equivalent amounts of the 
two compounds are formed as will be shown in a subsequent 
section. The formation of the arylamine and of the imidazole 
is dependent on ATP, ribose-5-P, and MgCle. Glutathione 
causes a small, variable stimulation. The omission of either 
glutamine or acetyl-P decreases the amount of the products by 
75 to 85%. 

Identification and Origin of Enzymatic Products—In several 
experiments in which either ribose-5-P-1-C'%, AMP-8-C", or 
adenine-2-C™ was an additional reactant, the arylamine and the 
imidazole were accumulated in amounts sufficient for isolation 
and identification. The phosphate esters in the trichloroacetic 
acid extracts of reaction mixtures were fractionated with barium 
acetate and ethanol according to the method of LePage (15). 
The arylamine and the imidazole appeared to be in the form of 
monophosphate esters, as they formed barium salts which were 
soluble in water and insoluble in 80% ethanol. The ethanol- 
insoluble salts, which also included AMP, were converted to 
sodium salts. Each of these compounds was removed com- 
pletely from solution by passage over a column of Dowex 2 resin 
in the chloride form, The imidazole was eluted with 0.002 n 
HCl, AMP with 0.0025 n HCl, and the arylamine with 0.003 n 
HCl. The imidazole had the same Rp, as synthetic imidazole- 
glycerol phosphate in paper chromatography with two solvent 
systems, propanol-0.2 n NH,OH, 3:1; propanol-1 n acetic acid, 
3:1 (16). Furthermore, like imidazoleglycerol phosphate, it was 
converted to imidazole formaldehyde by oxidation with periodic 
acid (12). The arylamine was identified as ACP on the basis of 
its ultraviolet absorption spectrum (13), the absorption spectrum 
of the chromatophore which it produces in the Bratton-Marshall 
test (13), and its Rp in paper chromatography (13) with iso- 
butyric acid-H,O-concentrated ammonium hydroxide (100:58:2). 

The imidazoleglycerol phosphate as eluted from the column 
was free from ultraviolet-absorbing compounds and of pentose; 
its radioactivity was determined without further purification. 
For estimation of their radioactivities, both the ACP and the 
AMP as eluted from the column were further purified by paper 
chromatography (13). The ultraviolet-absorbing spots corre- 
sponding to each compound were eluted with water. Similarly, 
imidazoleformaldehyde derived from imidazoleglycerol phos- 


supplemented with 4 ug of histidine per ml, unless stated other- 
wise. 
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phate by treatment with sodium periodate was isolated by paper 
chromatography. 

The results summarized in Table II show that carbon 1 of 
ribose-5-P was incorporated into imidazoleglycerol phosphate 
without dilution. The imidazoleformaldehyde derived from 
imidazoleglycerol phosphate had 80% of the radioactivity of the 
parent compound. In the experiment with AMP-8-C™ as an 
additional reactant the ACP produced had the same radioactivity 
as the reisola AMP, but the imidazoleglycerol phosphate 
produced had no detectable radioactivity. On the other hand 
carbon 2 of adenine was incorporated into imidazoleglycerol 
phosphate to the same extent as into AMP, but was not signifi- 
cantly incorporated into ACP. 

These results indicate that the adenine ring is cleaved into two 
moieties: one part, containing carbon 2 of adenine, combines 
with ribose-5-P to form imidazoleglycerol phosphate; the re- 
mainder of the adenine ring, containing carbon 8, is converted to 
ACP. 

Demonstration of Intermediate in Formation of ACP and 
Imidazoleglycerol Phosphate—A derivative of ACP was found to 
be an additional product when the reaction had not been per- 
mitted to proceed to completion. The derivative, which has 
been designated “Compound III,” is converted to ACP by 
hydrolysis in 0.2 N HCl at 100° for 5 minutes. It is routinely 
estimated by determining the increase in arylamine after acid 
hydrolysis. Compound III formation can also be detected 
spectrophotometrically since the compound has a relatively high 
absorption at 290 mu. In the absence of glutamine‘ there is an 
increased accumulation of Compound III which quantitatively 
corresponds to a decreased formation of imidazoleglycerol phos- 
phate and of ACP (Table III). These observations suggest 
that Compound III is an intermediate in the formation of both 
ACP and imidazoleglycerol phosphate. 

By the use of fractional precipitation with protamine it has 
been possible to separate the enzymes necessary for the synthesis 
of Compound III from those necessary for its conversion to ACP. 
Nucleic acids and inactive proteins were removed from extracts 
of E. coli, HP-1, by the addition of protamine sulfate as de- 
scribed in the section on ‘Methods.’ A further addition of 4 
ml of a 2% solution of protamine sulfate to 100 ml of extract 
resulted in the formation of a precipitate which was dissolved 
with 10 ml of 0.05 m reduced glutathione in mM KC]. This frac- 
tion, I, produces 10 times as much Compound III per mg of 
protein as does the original extract; however, it is unable to 
convert Compound III to ACP unless the supernatant fluid re- 
maining after protamine precipitation, Fraction II, is added 
(Table IV). 

Role of Reactions Leading to Imidazoleglycerol Phosphate—The 
essentiality of these reactions for the biosynthesis of histidine is 
shown by observations on several histidine auxotrophs of S. 
typhimurium (Table V). Extracts of strain hi F-41 are unable 
to produce Compound III. Extracts of strain hi A-5, although 
capable of producing Compound III, cannot convert this com- 
pound to ACP and imidazoleglycerol phosphate. However, 
extracts of strains hi A-5 and hi F-41 acting together can produce 
both imidazoleglycerol phosphate and ACP. These findings 


‘ Ammonium sulfate also stimulates the formation of ACP and 
imidazoleglycerol phosphate, but is much less effective than gluta- 
mine; however, glutamine and (NH,)2SQ, serve equally well for 
the conversion of preformed Compound III to ACP and imidazole- 
glycerol phosphate. | 
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TaBLeE II 
Formation of tmidazoleglycerol phosphate and 5-amino-1-ribosyl-4-imidazolecarboramide 5'-phosphate 

The reaction mixtures contained per ml: ATP, 2.1 wmoles; ribose-5-P, 4.2 wmoles; acetyl-P, 16.8 uzmoles; reduced glutathione, 12.6 
pmoles; glutamine, 12.6 wmoles; tris(hydroxymethyl)aminomethane, pH 8.06, 84 zmoles, MgCls, 16.8 uzmoles; and a dialyzed protamine- 
treated extract of S. typhimurium, strain hi B-12, 0.33 ml (10 mg of protein per ml). Experiment 1: The total volume was 24 ml; 10.1 
umoles of ribose-5-P-1-C'* were added. Experiment 2: The total volume was 120 ml; 9 umoles of AMP-8-C™ were added. Experiment 8: 
The total volume was 35 ml; 18.5 wmoles of adenine-2-C™ were added. In each case the reaction mixture was incubated at 37° until 
ACP and imidazoleglycerol phosphate formation ceased (90 minutes). 


Compound isolated 
Experiment No. C™ compound added M.A.* 
IGPt ACP AMP 
pmoles M.A pmoles M.A. pmoles M.A. 
1 Ribose-5-P-1-C!4 6,610 4.9 6,900 5.2 1,120 6.1 1,260 
2 AMP-8-C!4 28 ,000 0 996 1,019 
3 Adenine-2-C"4 4,550 11.3 1,148 13.9 20 10.5 1,190 
* M.A. (micromolar activity) = counts X minutes™! 
t Imidazoleglycerol phosphate. 
indicate that strain hi F-41, although unable to form Compound TABLE V 


III, can convert this intermediate to ACP and imidazoleglycerol 
phosphate. An extract of a histidine auxotroph which excretes 
imidazoleglycerol phosphate into its culture medium (strain hi 
B-12) contains the enzymes necessary for the synthesis of Com- 
pound III and of imidazoleglycerol phosphate and ACP. The 
data presented in Table V were obtained with extracts of cells 
which had been grown in a medium containing 4 yg of histidine 
per ml. If the amount of histidine in the medium is increased 
beyond that necessary for maximum growth (10 wg per ml) the 
levels of the enzymes necessary for the synthesis of Compound 
III, imidazoleglycerol phosphate, and ACP are reduced to 30% 
of the values reported in Table V. Histidine has a similar effect 


III 
Glutamine requirement for imidazoleglycerol phosphate synthesis 


The enzyme preparation used in this experiment was a dia- 
lyzed protamine-treated extract of S. typhimurium, hi B-12. 


IGP* ACP 
pmole/20 min. 
Glutamine added 
Difference (1 — 2)......... +0.04 +0.05 —0.05 
* Imidazoleglycerol phosphate. 
TABLE IV 
Separation of enzymatic activities 
Fraction Protein Volume (Compound III ACP 
mg./ml. ml. pmole/15 min. 
Extract, HP-1* 36 0.10 0.06 0.06 
I 34 0.02 0.19 0.01 
II 18 0.10 > 0.005 > 0.005 
I+ Il 0.08 0.15 


* E. coli, HP-1, is a purine-requiring mutant. The extract was 
prepared from cells grown in a medium containing 20 ug of guanine 
per ml. 


Enzymatic activities of histidine-requiring mutants 


Compound formed 
Extract 
* Co und 
IGP ACP Tht 
pmole/15 min. 

Strain hi A-5............. oan date 0 0 0.18 
Strain hi B-123................. 0.04 0.07 0.11 
Strain hi F-41.......... 0 0 0 
Strain hi A-5 
Strain hi 0.05 0.09 0.16 


* Imidazoleglycerol phosphate. 

t Compound III accumulation was determined in the absence 
of glutamine. 

¢ Accumulates imidazoleglycerol phosphate. 


TaBLeE VI 
Inhibition of 5-amino-1-ribosyl-4-imidazolecarboxamide 
5’-phosphate formation by histidine 
The enzyme preparation used in this experiment was a dialyzed 
protamine-treated extract of S. typhimurium, hi B-12. 


L-Histidine ACP formed 

M pmole/15 min. 
None 0.08 


on the levels of these enzymes in E. coli W, an organism which 
does not require histidine for growth. 

Inhibitory Effect of Histidine—The rate of synthesis of ACP 
by extracts is 50% inhibited by about 5 x 10-5 m L-histidine 
(Table VI). Histidine was found to act by inhibiting the forma- 
tion of Compound III. This effect is illustrated in Fig. 1. The 
synthesis of Compound III results in an increased absorption by 
the reaction mixture at 290 mu. The addition of a large amount 
of histidine stopped further synthesis of Compound III as indi- 
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cated by the effect on absorption at 290 mu. Glutamine, despite | | | | } | Furtl 
the presence of histidine, permitted rapid removal of Compound synth 
III, presumably by conversion to ACP and imidazoleglycero 0.6 cone the r 
phosphate, neither of which has a significant extinction at 290 mu HX XKKKX | wy 
DISCUSSION utiliz 
The observation by Broquist and Snell (17) that the purine a — 
requirement of Lactobacillus casei is reduced by the addition of ~ 0O4-— f — redu ; 
histidine to the growth medium suggested that histidine might 4 | Liaoel 
be derived, at least in part, from one of the purines. In subse- 
quent experiments Mitoma and Snell (7) found that carbon 2 a f or 
of guanine was incorporated into carbon 2 of histidine. Exten- D . a 
sion of these observations to E. coli established that the Ni-C. © 0.2}— A — and 
portion of histidine is derived entirely from carbon 2 of guanine — 
and an attached nitrogen atom (6). Additional incorporation o 7 bloc 
experiments carried out by Neidle and Waelsch (8) proved that sie 
it is either nitrogen 1 or nitrogen 3 of guanine which is incorpo- | | | aa 
rated into histidine and offered evidence that nitrogen 1 is in- 0 8 6 24 (20) 
volved. In later experiments these authors found that adenine MINUTES i 
is a more immediate precursor of histidine than is guanine, and : ree | 
that the number 3 nitrogen of histidine is derived from the amide __,; Fic. 1. The effects of glutamine and histidine on the metabo- 
, ism of Compound III. Each cuvette contained 50 umoles of tris 
nitrogen of glutamine by growing cells (18). (hydroxymethyl)aminomethane, pH 8.06; 1.0 ymole of ATP; 2.0 Th 
These experiments and the observations reported in the ymoles of ribose-5-P; 10 wmoles of acetyl-P; 10 ymoles of MgCl, 
present paper on the synthesis of the histidine precursor, imida- and 0.04 ml of Fraction I. The volume was 1.0 ml. Addition A: - a 
zoleglycerol phosphate, suggest the following pathway for the After 10 minutes 0.1 ml of Fraction II was added to each cuvette. sai 
Addition B: After 15.5 minutes 2 umoles of histidine were added enzy’ 
ynthesis of the imidazole ring of histidine: to each cuvette, and at the same time cuvette 2 received 20umoles | figch 
NHp of glutamine. 
N C—Ny Ribose-5-P_ formation of the intermediate, Compound III, which is hy- taal 
HC oe ifs drolyzed in dilute mineral acid to ACP. (6) Enzyme prepara- triph 
Say’ tions in the presence of glutamine produce ACP and imidazole- _ petit 
Ribose-P-P-P glycerol phosphate at the expense of Compound III. (c) Carbon “st 
ATP 2 of adenine and carbon 1 of ribose-5-P are incorporated into t] 
imidazoleglycerol phosphate, but not into ACP; on the other _ 
es hand, carbon 8 of AMP is incorporated into ACP but not into 67] 
on + imidazoleglycerol phosphate. lack 
HH Glutamine The essential role of these reactions in histidine biosynthesis is 
HpC-C-—C—CHHC , C—N’ ‘ shown by the fact that their elimination by mutation causes a 
Pal | requirement for histidine for growth. 
t Ribose -P The utilization of the N,-C. portion of the adenine ring of 
POsHe ATP for imidazoleglycerol phosphate synthesis and the con- 
“Compound T° comitant production of ACP is part of a cyclic mechanism in 
NH which the purines function catalytically: 
HC— N O=¢ IMP — — AMP — — ATP 
Be C—Ny t 
Hec—c—c—C CH + +7" + Ribose-5-P 
| Compound III 
PO3He H Ribose-P ACP 
ACP 
DIAGRAM 1 Imidazoleglycerol phosphate 


The conversion of ATP, ribose-5-P, and glutamine to imidazole- 
glycerol phosphate (IGP) and 5-amino-1-ribosyl-4- 
imidazolecarboxamide 5'-phosphate (ACP) 

The structure suggested for the intermediate is hypothetical. 


Such a mechanism and the hypothetical structure suggested for 
Compound III account for the results of the incorporation experi- 
ments with growing cells and for these findings concerning the 
enzymatic synthesis of imidazoleglycerol phosphate: (a) Ex- 
tracts or enzyme preparations from several enteric bacteria 
catalyze a reaction between ATP and ribose-5-P resulting in the 


{ 

Histidine 

This cyclic mechanism should be inoperative in cells growing 
with excess histidine, which is a potent inhibitor of the reaction 
that yields Compound III. This inhibitory effect has been shown 
to be essential for the regulation of histidine biosynthesis (19). 


- 
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Furthermore, the ability of histidine to inhibit Compound III 


synthesis suggests a mechanism by which histidine could reduce 
the requirement for adenine in those organisms that are unable 
to convert ACP to AMP. In such organisms histidine synthesis 
will be accompanied by the conversion of adenine to a non- 
utilizable compound, ACP. The addition of histidine to the 
growth medium should prevent this diversion and, therefore, 
reduce the amount of exogenous adenine required for growth. 
This explanation may account for the observation (17) that 
histidine spares the purine requirement of L. casez and for the 
similar finding that histidine reduces the purine requirement of 
a mutant of E. coli, strain HP-1, blocked between ACP and 
and IMP (5). As would be predicted by this scheme, histidine 
does not alter the purine requirements of several auxotrophs 
blocked in reactions other than the conversion of ACP to AMP. 

Finally we wish to call attention to the effect of histidine on 
Compound III synthesis as still another example of the type of 
inhibition by an end product postulated by Umbarger and Brown 
(20) to underlie the feedback control of many biosynthetic proc- 
esses. 


SUMMARY 


The synthesis of p-erytho-imidazoleglycerol phosphate ester, 
a precursor of histidine, has been observed in cell-free prepara- 
tions from three species of enteric bacteria. Several individual 
enzymatic steps in the over-all reaction have been demonstrated. 
Each of these steps is essential for the biosynthesis of histidine. 

Evidence is presented that imidazoleglycerol phosphate is 
produced from ribose 5-phosphate, the amide nitrogen of gluta- 
mine, and the N-1, C-2 portion of the adenine ring of adenosine 
triphosphate. The remainder of the adenosine triphosphate 


appears as 5-amino-1-ribosyl-4-imidazolecarboxamide 5-phos- 


phate. The latter compound, an intermediate in purine bio- 
synthesis, can be reconverted to adenosine triphosphate. Thus, 


’ The location of the block in strain HP-1 is confirmed by the 
lack of inosinicase in its extracts (A. P. Levin and B. Magasanik, 
unpublished observations). 

6 B. Magasanik and D. Karibian, unpublished experiments. 


H. S. Moyed and B. Magasanik 
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a cyclic process is involved in the synthesis of the imidazole ring 
of histidine. 

Adenosine triphosphate has a dual catalytic role in this proc- 
ess: it provides the energy for the reactions, and its adenine 
ring is the source of the N-1, C-2 portion of the imidazole ring of 
histidine. 
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The pathways of histidine degradation in both bacteria and 
animals have been studied extensively (2). Unlike most other 
amino acids, histidine has several catabolic pathways which do 
not enter into the general metabolic reactions of animals, but 
ultimately result in the excretion of a unique end product in the 
urine. Several of these compounds have been shown to be ex- 
creted in the urine without much further degradation, t.e. the 
metabolites of histamine (3, 4), the two methylated histidines 
(5), and hydantoin propionic acid (6). Therefore, quantitative 
study of these metabolites would be expected to provide some 
estimation of the magnitude of the pathways by which they are 
formed. The urinary metabolites of radioactive histidine have 
not been measured in primates. Urinary studies have been done 
after histidine loading in normal humans and patients with vari- 
ous diseases (7). Free imidazoleacetic acid! and urocanic acid, 
identified by paper chromatographic techniques (8), have been 
reported in the urine of humans, and urocanic acid has been iso- 
lated from the urine of a patient with liver disease.2_ Formimino- 
glutamic acid accumulates in the urine of humans receiving folic 
acid antagonists (9,10). Histamine has been reported in human 
urine (11) and is present in greatly increased quantities in the 
urine of some patients with carcinoid tumors and the disease, 
Urticaria pigmentosa (12). Wolf et al. (13) have studied the 
urinary metabolites of pL-histidine-a-C™ in the rat, and Bal- 
dridge et al. (14) reported the identification, by paper chromatog- 
raphy, of several imidazoles (including imidazolepyruvic, lactic, 
and propionic acids, as well as urocanic acid) in rat urine after 
large oral doses of histidine. 

In the studies reported here a combination of two ion exchange 
chromatographic separations and isotope dilution methods have 
been used to measure quantitatively some metabolites of radio- 
active L-histidine in human, monkey, and rat urine. 

The addition of small amounts of ethionine to the normal diet 
of rats decreases within about 2 weeks the activity of the liver 
urocanase, and is associated with excretion of large amounts of 
urocanic acid in the urine (15). It was of interest to determine 
whether this metabolic block affected any of the other known 
metabolic pathways of histidine, or whether it was specific for 
urocanase. Furthermore, a fractionation of the urine of rats 
given ethionine was carried out in an effort to find new urinary 
metabolites which might be excreted in this condition. 


* A preliminary report appeared previously (1). 

1 Terms used in this paper are: imidazoleacetic acid, imidazole- 
4(5)-acetic acid; methylimidazoleacetic acid, 1-methylimidazole- 
4-acetic acid; ribosyl form, 1-ribosylimidazole-4-acetic acid; 
methylhistamine, 1-methyl-4-(@-aminoethyl) imidazole; hydan- 
toin propionic acid, L-hydantoin-5-propionic acid. 

Silverman, personal communication. 


EXPERIMENTAL METHODS 


Materials—Uniformly radioactive w-histidine was obtained 
from Schwarz Laboratories (0.7 we per mg) and was used with- 
out further purification in the human studies. Chromatography 
in five solvent systems revealed one spot by radioautography 
which coincided exactly with a known sample of histidine, 
These chromatograms were stained first with ninhydrin and then 
sprayed a second time with Pauly’s reagent (16). A solution of 
higher specific activity (20 wc per mg) (also from Schwarz Lab- 
oratories) was used for the monkey study. It was purified by 
streaking on Whatman 3MM filter paper and developing in n- 
propanol-1.0 N acetic acid (3:1). The area corresponding to 
histidine was eluted in distilled water, filtered, and evaporated 
to dryness. L-Histidine-2-C™ was purchased from Nuclear-Chi- 
cago and used without further purification. Urocanic acid-2-C¥ 
was formed enzymatically from L-histidine-2-C™ (17). 

The following compounds were obtained commercially: t-his- 
tidine monohydrochloride and histamine dihydrochloride (Nu- 
tritional Biochemical Corporation); 1-methyl-p1-histidine, 
urocanic acid -2H,.O, and L-glutamic acid (California Foundation 
for Biochemical Research) ; imidazoleacetic acid and p-iodophen- 
ylsulfonyl chloride (K and K Laboratories, Inc.). These com- 
pounds were prepared synthetically: methylhistamine (18), L- 
hydantoin-5-propionic acid (19), methylimidazoleacetic acid (20), 
3,4-dichlorobenzene sulfonic acid (21), hydantoin acrylic acid 
(22), hydantoin acetic acid (19) and N-formyl]-1-glutamic acid 
(23). pL-Formylisoglutamine was formed from urocanic acid as 
a nonenzymatic by-product of guinea pig urocanase action (6). 
1-Ribosylimidazole-4-acetic acid was the generous gift of Dr. H. 
Bauer. 

Administration of Radioactive Histidine—A 4.8 kg female 
Macaca mullatta was given an injection intravenously with 50 
uc of L-histidine-C™ dissolved in 1.4 ml of water. Urine was 
collected with the aid of an indwelling catheter, and heparinized 
blood samples were taken at varying time intervals. In connec- 
tion with a comparative study of histidine metabolism in normal 
and schizophrenic humans? 23 male subjects (age 21 to 45) were 
given 10 uc of uniformly labeled t-histidine-C™ orally, dissolved 
in orange juice. Urine was collected for 5 hours. All subjects 
were fed identical diets for 2 weeks, with all medicines, including 

extra vitamins, withheld for a period of 3 weeks before adminis- 
tration of the radioactive histidine. Adult male Sprague-Dawley 
rats weighing approximately 200 g were given an intraperitoneal 
injection of 5 uc of L-histidine-2-C™ (Nuclear-Chicago) and urine 


*D. D. Brown, O. L. Silva, P. B. McDonald, manuscript in 
press. 


154 


Jan 

was 

ethi 

pres 

excl 

the 

wer 

and 

obts 

eral 

sa 

(av 

tivl 

frac 

rem 

20 

rest 

stal 

orat 

dist 

rem 

ave 

30) 

add 

col 

The 

acet 

col 

elu 

rese 

0.78 

1 

for 

tio 

CAaSe 

a 0). 

str 

re 

M 

Dov 

col 

sod 

Tal 

N 

tub 

ing 

ob 

0.5 

the 

add 

Fin 

per 

ang 

‘ on 
| 


le 
0) 
d 
a] 
e 
d 
8 
y 


January 1960 


was collected for 24 hours. The diets supplemented with 
ethionine have been described (15). Toluene was added as a 
preservative to all urine specimens. 

Measurement of Radioactinty in Monkey Tissues—Tissues were 
excised and pieces of approximately 15 to 20 mg were placed in 
the glass vials used for liquid scintillation counting. The tissues 
were lyophilized in the vials, dissolved in hyamine (1 ml each), 
and counted after the addition of 10 ml of phosphor. All counts 
obtained for these dissolved tissue samples were corrected for 
quenching by the addition of internal standard. Only the min- 
eral portion of bone failed to be dissolved by hyamine. 

Preparation and Fractionation of Urine—Monkey and rat urine 
samples were fractionated directly. Because of the large volume 
(average of 300 ml) of the human urines and the low radioac- 
tivity, it was necessary to concentrate and to desalt them before 
fractionation. An aliquot of urine was counted directly and the 
remainder evaporated to dryness. The residue was dissolved in 
2) ml of HO and 80 ml of absolute ethanol were added. The 
resulting suspension was cooled in an ice bath and allowed to 
stand for 30 minutes at 4° before filtering. The filtrate was evap- 
orated again to dryness; the residue was redissolved in 10 ml of 
distilled water and an aliquot taken for counting. The 
remainder was stored at —10° until it was fractionated. The 
average loss of radioactivity by this concentration procedure was 
30%. About 5 ml of concentrated human urine (pH 5) were 
added to a 40 X 1 cm Dowex 1-X8 acetate (100 to 200 mesh) 
column and the column was washed with 40 ml of distilled water. 
The basic compounds, 1.e. histidine, methylhistidine, histamine, 
acetylhistamine, and methylhistamine, are not adsorbed by the 
column under these conditions. The acidic compounds were 
eluted with a gradient of 0.75 N acetic acid dripping into a 200-ml 
reservoir of distilled water, 50 drops per tube for 50 tubes. The 
0.75 N solution was then changed to 2 N acetic acid for the next 
50 tubes, and finally a straight 6 N acetic acid elution was used 
for the final 20 tubes. Five milliliters of rat urine were frac- 
tionated in an identical fashion on a 25 X 1cmcolumn. In the 
case of the monkey urine, a 25 X 1 cm column was eluted with 
a 0.5 N acetic acid-water gradient for the first 100 tubes and then 
straight 6 N acetic acid for the final 20 tubes. 

An aliquot of the Dowex 1 column wash was counted and the 
remainder evaporated to dryness and dissolved in 5 ml of 0.01 
mM sodium phosphate buffer, pH 6.6, and added to a 20 X 1 cm 
Dowex 50-X8-sodium column (200 to 400 mesh). After the 
column was washed with 50 ml of H.0, it was eluted with 0.1 m 
sodium phosphate buffer, pH 6.6, according to the method of 
Tallan et al. (24), 60 drops per tube for 100 tubes, followed by 4 
n HCl for the final 15 tubes. 

After the fractionation was completed, aliquots of the odd 
tubes were pipetted into glass vials for liquid scintillation count- 
ing and dried in a forced convection oven at 120°. The residues 
obtained from the Dowex 1 columns were dissolved directly in 
0.5 ml of hyamine (25); however, because of the salts present in 
the fractions eluted with phosphate buffer, 0.05 ml of H.O was 
added first to dissolve these residues, followed by 1 ml of hyamine. 
Finally, 10 ml of phosphor were added and the solutions counted 
in a Tri-Carb liquid scintillation spectrometer. The radioactive 
peaks were pooled and stored at —10°. All isotope dilution ex- 
periments were carried out on these pooled fractions. The 
analyses of the basic metabolites in monkey urine were performed 
on the Dowex 1 wash water without further fractionation. 

Fractionation Pattern of Histidine Metabolites—Initial studies 


Brown, Silva, McDonald, Snyder, and Kies 
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Fig. 1. Dowex 1 fractionation of the acidic metabolites of uni- 
formly labeled L-histidine-C™ in monkey urine. 
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Fig. 2. Two column fractionation of the radioactive metabolites 
of uniformly labeled L-histidine-C™ in human urine. 


with the synthetic compounds were undertaken to elucidate the 
elution pattern of the metabolites. Of the compounds which 
are adsorbed on Dowex 1, imidazoleacetic acid, methylimidazole- 
acetic acid, and 1-ribosy]-4-imidazoleacetic acid are the first to 
be eluted (in the region corresponding to Peak A, Figs. 1 and 2). 
Urocanic acid is slightly more acidic, but usually is eluted with 
these three compounds. Formiminoglutamic acid and glutamic 
acid are eluted together (Peak B) followed by hydantoin propi- 
onic acid (Peak C). Straight 6 N acetic acid elutes an unknown 
compound with the solvent front (Peak D). 

Dowex 50 adsorbs histidine, methylhistidine, histamine, meth- 
ylhistamine, and acetylhistamine. The phosphate buffer elution 
technique was used specifically to separate histidine from the 
two ring-N-methylated histidines (24). The 3-methy] isomer is 
eluted first, then histidine (Peak F) followed by 1-methylhistidine 
(in the location of Peak G). Hydrochloric acid is required to 
elute histamine (Peak H). Methylhistamine when present pre- 
cedes histamine (Tubes 80 to 95). 

Measurement of Histidine Metabolites—All compounds were 
assayed by the addition of carrier to aliquots of the appropriate 
pooled peaks and recrystallized to constant specific activity. A 
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HOURS AFTER INJECTION 


Fic. 3. Time course of urinary and plasma radioactivity in 
a monkey injected with uniformly labeled L-histidine-C", 


maximum sample of 20 mg of the precipitates was weighed, dis- 
solved in 1 ml of hyamine, and counted after the addition of 
phosphor. The basic metabolites in monkey urine were meas- 
ured in an identical manner in the Dowex 1 wash water without 
further fractionation. Although picrates can be dissolved in 
hyamine, the resultant yellow color causes excessive quenching 
of counts. Therefore, all recrystallized picrates were weighed 
and suspended in 10 mlof4N HCl. The picric acid was removed 
by five extractions with 10 ml of toluene. The remaining color- 
less acid solutions were dried under a stream of warm air and the 
resulting precipitates dissolved in hyamine. 

Histidine—Between 15 to 20 mg of t-histidine monohydro- 
chloride were used as carrier and precipitated with two equiva- 
lents of dichlorobenzene sulfonic acid (21). The derivative was 
recrystallized five times from hot water. 

1-Methylhistidine—After the addition of 1-methyl-DL-histidine 
carrier (20 to 40 mg) either the dipicrate or the bis-dichloroben- 
zene sulfonate was formed and recrystallized five to seven times 
from hot water. There was close agreement between values ob- 
tained by the two methods. 

Imidazoleacetic Acid—About 20 mg of carrier imidazoleacetic 
acid were added to the appropriate peaks, the monopicrate 
formed, and recrystallized from hot water five times. This tech- 
nique separates trace amounts of imidazoleacetic acid-C™ from 
radioactive methylimidazoleacetic acid (26) and 1-ribosylimid- 
azoleacetic acid (27). 

1-Ribosylimidazoleacetic Acid—The radioactive solution was 
made 2 n with HCl and 50 mg of carrier imidazoleacetic acid 
added. The solution was sealed in a hydrolysis tube and heated 
at 155-160° for 4 to 8 hours (27). The free imidazoleacetic was 
then recrystallized as described above and an increase in specific 
activity was attributed to the ribosy] form. 

Histamine—Two techniques were used for identification of 
histamine. The dipipsyl derivative described by Schayer e¢ al. 
(3, 4) separates histamine from trace amounts of radioactive 
methylhistamine. About 25 mg of carrier histamine dihydro- 
chloride were used. The dipicrate was formed and recrystallized 
five times from hot water. 

Methylhistamine—Whole urine was saturated with Na2S0Q,, 
made alkaline with NaOH, and extracted once with 3 volumes 
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of chloroform (18). The aqueous phase was discarded, the chlo- 
roform phase dried, and the residue dissolved in hyamine, and 
counted. An alternate technique was recrystallization as the 
dipicrate after the addition of 15 mg of carrier to the pooled 
fractions from the column elution. 

Acetylhistamine—After the addition of 20 mg of carrier his- 
tamine, the solution was made 2 N with HCl and hydrolyzed in 
a sealed tube at 120° for 2 hours. The excess HCl was removed 
and histamine dipicrate was isolated. Any increase in radioac- 
tive histamine after hydrolysis would be considered due to the 
acetylated form. 

Urocanic Acid—The recrystallization technique for this com- 
pound has been described (6). 

Glutamic Acid—Glutamice acid can be separated from formimi- 
noglutamic acid by five recrystallizations from H,O-acetone. 
About 15 mg of carrier were used. However, the possibility that 
some hydrolysis of formiminoglutamic acid may occur during the 
recrystallization procedure cannot be ruled out. 

Formiminoglutamic Acid—The measurement of formimino- 
glutamic acid with a single label in the formimino group has been 
described (28). However, in the case of uniformly labeled form- 
iminoglutamic acid an adequate assay technique was not de- 
veloped. The radioactivity of Peak B in monkey and human 
urine not accounted for as free glutamic acid is probably form- 
iminoglutamic acid. 

Hydantoin-5-propionic Acid—The isotope dilution technique 
for measuring this compound (6) consists of recrystallization with 
about 35 mg of added carrier t-hydantoin propionic acid repeat- 
edly from 0.2 ml of water in a hematocrit tube. 

Allantoin—This compound was assayed directly from 5 ml of 
rat urine after the addition of 50 mg of carrier and six subsequent 
recrystallizations from hot water. 

Uric Acid—An assay similar to that for allantoin was carried 
out with 20 mg of carrier. It was recrystallized from 5 ml of 
urine with the addition of dilute HCl after first dissolving the 
compound with alkali. After five such recrystallizations from 
acid, the precipitate was washed twice with hot water, dried, dis- 
solved in hyamine, and counted. 


RESULTS 


Fate of Uniformly Labeled L-Histidine-C“% in Monkey—Fig. 3 
shows the rate of incorporation of radioactivity into the plasma 
of the monkey plotted together with the urinary excretion of 
radioactivity. The increase in plasma radioactivity was in the 
trichloroacetic acid insoluble fraction and represents C" incorpo- 
ration into the plasma proteins. Respiratory carbon dioxide 
radioactivity was not measured quantitatively, but the maxi- 
mum excretion was reached 2 hours after injection. Table I 
summarizes the distribution of radioactivity in monkey tissues. 
Biopsies at 2 hours and 7 days were made after the monkey was 
anesthetized with Nembutal, and on the 11th day the animal was 
autopsied. The liver concentrates radioactivity at first, but by 
the 11th day all tissues were below the value for uniform distri- 
bution of the injected dose. Fig. 4 shows the amounts of several 
urinary metabolites of the monkey excreted at different time 
intervals. The metabolites of the urocanic acid pathway (lower 
graph), except for glutamic acid, reached their maxima in the 
urine later than imidazoleacetic acid. There is no detectable 
urinary hydantoin propionic acid-C™ excreted in the first 30 
minutes after injection of uniformly labeled L-histidine-C™ in the 
monkey or the human. 
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Monkey, Rat, and Human Urinary Metabolites—Table II sum- 
marizes the amounts of some metabolites expressed as percentage 
of the injected dose. The unknown metabolite (Fig. 1, Peak D) 
represents more of the monkey urinary radioactivity than any 
other single compound; free histidine is low. In the human, 
about half of the excreted C™ is present as unchanged histidine 
and very little radioactivity is present as the unknown compound. 
The monkey urine contained no detectable conjugated imidazole- 
acetic acid, whereas most of this compound is excreted as the 
conjugated form by the human and rat. This is in contrast with 
the findings of Wolf et al. (13) who were unable to detect the 
ribosyl form in rat urine. Further evidence for the presence of 
|-ribosyl imidazoleacetic acid was obtained by paper chromatog- 
raphy of Peak A of rat urine in n-propanol-1.0 N acetic acid (3:1). 
Radioactive peaks were localized by means of a chromatogram 
scanner. A radioactive, negative Pauly reacting area (16) which 
had the same Ry value as the synthetic sample of 1-ribosylimid- 
azoleacetic acid disappeared after acid hydrolysis, and a Pauly 
positive area which coincided exactly in Rr value with known 
imidazoleacetic acid was intensified both in color and in radioac- 
tivity. No radioactive histamine, acetylhistamine, methylhis- 
tamine, or methylimidazoleacetic acid could be found in any of 
the urine samples. Urocanic acid-C™ could not be detected in 
human urine. 

Table II demonstrates that much of the urinary-C"™ is unac- 
counted for in all three species. In the human, Peak A (Fig. 2) 
is almost all conjugated imidazoleacetic acid. However, the 
known compounds contributing to this large peak in rat and 
monkey urine represent less than 50% of its total radioactivity. 
No further work has been done to determine the nature of the 
remaining radioactivity. Peak B contains glutamic acid and 
presumably 3 times as much formiminoglutamic acid in the hu- 
man, whereas 75% of this peak is glutamic acid in the monkey. 
Peak C in all cases is uncontaminated L-hydantoin propionic 
acid. ‘The major unknown compound (Peak D) is probably the 
same metabolite as the one previously noted by Wolf (13). The 
C-2 of histidine is retained, since this urinary metabolite is radio- 
active after an injection of L-histidine-2-C™. It is strongly 
acidic, with no basic groups, since it is not held on Dowex 50. 


TABLE I 


Tissue radioactivity after intravenous injection of 50 uc of uniformly 
labeled t-histidine-C'4 into female monkey 


Tissue® 2 hours 7 days 11 days 
6.2 
4.7 


* Values, other than those for serum, are expressed as muc per 
gram wet weight of tissue. If the entire radioactive injection 
were distributed uniformly throughout the body, there would be 
10.4 myc per gram wet weight of tissue. 

’ Expressed as myc per ml. 
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HOURS AFTER INJECTION 


Fic. 4. Time course of urinary excretion of some radioactive 
metabolites of uniformly labeled L-histidine-C™ in the monkey. 


TABLE II 
Urinary metabolites of L-histidine-C'* 
Ethio- 
Human’/Monkey; Rat | 
rat® 
1-Methylhistidine................... 0.01 | 0.03 
Acetylhistamine.................... 0 0 0 0 
Methylhistamine.................... 0 0 0 0 
Methylimidazoleacetic acid......... 0 0 0 0 
Imidazoleacetic acid................ 0.06 | 0.12 | 0.31 | 0.31 
1-Ribosylimidazoleacetic acid....... 0.20 | 0 0.52 | 0.31 
Ghutemic acid...................... 0.01 | 0.02 
Formiminoglutamic acid?........... 0.03 | 0.01 | 0.14 0.41 
Hydantoin propionic acid........... 0.07 | 0.06 | 0.05 | 0 
Unknown compound’............... 0.03 | 0.81 | 0.26; 0.31 
Total urinary radioactivity....... 2.9 | 4.23 | 7.7 | 10.2 
Total of identified compounds... .| 1.26 | 0.72 


* The human and monkey received uniformly labeled t-histi- 
dine-C" orally and intravenously, respectively. Rats received 
L-histidine-2-C"™ intraperitoneally. Values are expressed as the 
percentage of the injected dose. 

>’ Average of values from 23 subjects. 

¢ Diet included 0.05% u-ethionine. After an intraperitoneal 
injection of 50 uwmoles of L-histidine, this rat regularly excreted 
on the order of 15 to 20 umoles of urocanic acid in the following 
24 hours. 

¢ Human and monkey formiminoglutamic acid values are esti- 
mated as that part of Peak B (Figs. 1 and 2) not accounted for as 
free glutamic acid. 

¢ Refers to unknown compound in Peak D, Figs. 1 and 2. 
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The following structures have been ruled out: N-formylglutamic 
acid, formylisoglutamine, hydantoin acetic acid, 2(5H)-imidaz- 
olone-4-propionic acid,‘ 2-imidazolidone-4-propionic acid,‘ and 
hydantoin acrylic acid. It is not a metabolite of urocanic acid, 
since the urine of rats injected with radioactive urocanic acid 
does not contain this compound (cf. Fig. 1 (28)). 

The first large Dowex 50 peak (F) was at least 60% histidine. 
The following peak (G) originally suspected to be methy]l- 
histidine, contained only a trace of this compound. The re- 
mainder of the radioactivity in Peak G is not extracted into 
butanol, toluene, or isoamy] alcohol from alkali, implying that 
the compound contains a carboxyl group. No further studies 
have been done to identify it. The final radioactive substance 
eluted with 4 n HCl (Peak H) remains unidentified. It is not 
histamine, acetylhistamine, or methylhistamine, although his- 
tamine is eluted at this point from the column when known com- 
pounds are chromatographed. 

Urinary Products of L-Histidine-2-C™“ in Urine of Rats Treated 
with Ethionine—A rat fed a diet supplemented with 0.05% t- 
ethionine excreted 2% of the injected radioactive histidine as 
urocanic acid. No urinary hydantoin propionic acid was found. 
This finding is in agreement with studies in vitro (6) which show 
that urocanase action precedes the formation of hydantoin pro- 
pionic acid. The block was not complete in this rat as demon- 
strated by the formation of radioactive uric acid, allantoin, and 
formiminoglutamic acid. These rats, which excrete large 
amounts of urocanic acid nevertheless transform a considerable 
amount of L-histidine-2-C"% to C™“O.. The possibility that a 
reaction after urocanase is partially blocked cannot be ruled out 
in these studies. An ethionine-treated rat given an injection of 
1 we of urocanic acid-2-C™ excreted only unchanged urocanic acid. 
In contrast to the normal rat (cf. Fig. (28)), no hydantoin pro- 
pionic acid, formiminoglutamic acid, formylisoglutamine, or al- 
lantoin could be detected in the urine. 


DISCUSSION 


There are two pathways from histidine leading to the forma- 
tion of imidazoleacetic acid or its ribosyl form. The one most 
thoroughly studied is that by means of histamine, which is oxida- 
tively deaminated by diamine oxidase. The other pathway is 
decarboxylation of imidazolepyruvic acid, produced by trans- 
amination of histidine. Schayer (3, 4) has demonstrated that 
as much as 50% of injected histamine-C™ in humans is excreted 
in the urine as methylimidazoleacetic acid. Because of the 
negligible urinary methylimidazoleacetic acid-C" found in these 
studies, it must be concluded that the conjugated and free imid- 
azoleacetic acid in human, monkey, and rat urines are derived 
from histidine by decarboxylation of imidazolepyruvic acid. 
This fact is in agreement with the conclusions of Wolf et al. (13) 
and Baldridge and Tourtellotte (14). 

Since radioactive histamine or its specific metabolite methy]- 
imidazoleacetic acid were not detected in monkey and human 
urine, it appears that the histamine pathway is small relative to 
other reactions of histidine. However, Schayer (30) has shown 
that histamine formed by rats from a single injection of 
histidine-C* is initially bound and slowly liberated over a period 
of many days. Furthermore, patients with Urticaria pigmentosa, 
a disease characterized by the presence of many mast cells, which 
contain large amounts of histidine decarboxylase, have been 


4 These two compounds were synthesized by Dr. T. Beiler by a 
modification of the method of Dittmer et al. (29). 
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found to excrete large amounts of free histamine in the urine (12), 
When radioactive histidine was administered to the patientg' 
and the urine fractionated as described here for normal subjects, 
no radioactive histamine or methylimidazoleacetic acid could be 
detected in specimens collected during the first 5 hours after 
histidine administration. This finding suggests that any newly 
formed histamine in these patients becomes part of a large pool 
of stored histamine not immediately available for further metabo. 
lism. Therefore, no estimation can be made at the present time 
of the approximate amount of injected histidine, which is metab- 
olized by histidine decarboxylase. 

In spite of the large amount of urinary 1-methylhistidine re- 
ported in man (31), only traces of radioactive methylhistidine 
were found in the present studies. Recently it has been found 
(32) that the peptide anserine (1-methylhistidyl-8-alanine) can 
be formed from carnosine by transmethylation. This finding 
may mean that urinary methylhistidine is formed from anserine 
degradation rather than histidine’‘methylation. Anserine could 
act as a biological trapping agent much the same as in the case 
of histamine binding just discussed, and could account for the 
low levels of radioactive urinary methylhistidine found in these 
experiments. It is further possible that urinary methylhistidine 
may originate largely from dietary anserine. The 3-methy] 
isomer which has been isolated from human urine (33) would be 
eluted either before (Peak E) or with histidine from the Dowex 
50 column (24). No attempt was made to measure the urinary 
levels of this compound. 

The measurement of these metabolic end products has limited 
value in assessing the magnitude of their pathways, due to the 
considerations just described. The conclusions obtained from 
the assay of these compounds in urine must be confined to the 
qualitative demonstration of their presence. However, the use- 
fulness of this technique has been demonstrated in the case of 
the ethionine-treated rats. The spectrum of urinary metabolites 
in these animals is compatible with a single block, 7.e. the partial 
inactivation of urocanase. Similar results have been found for 
the derivatives of t-histidine-2-C™ in the urine of folic acid and 
vitamin B,2-deficient rats and will be reported elsewhere.® 


SUMMARY 


A method has been developed to separate and measure the 
radioactive urinary metabolites of L-histidine-C“. This tech- 
nique includes two fractionations on ion exchange resins, fol- 
lowed by isotope dilution analysis. 

The fate of uniformly radioactive L-histidine in the monkey 
has been studied in detail, including the incorporation of radio- 
activity into tissues and plasma as well as the time course of ex- 
cretion of some labeled urinary metabolites. 

Radioactive histamine and its specific metabolites, methyl- 
histamine and methylimidazoleacetic acid, were not detected in 
any of the species studied. Several unknown compounds ac- 
counting for an appreciable fraction of the urinary radioactivity 
were found but have not as yet been identified. 

Oral administration of ethionine, which is known to block 
urocanase action, had no other demonstrable effect on histidine 
metabolism in the rat. 


5D. D. Brown, O. L. Silva, and J. Demis, unpublished observa- 


tions. 
¢D. D. Brown, O. L. Silva, R. C. Gardiner, and M. Silverman, 


unpublished observations. 
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The function of the microsomes as a primary site of protein 
biosynthesis is well established (1). Both microsomal and solu- 
ble ribonucleic acid have been shown to participate in the in- 
corporation of amino acids into ribonucleoproteins in vitro. This 
phenomenon has been interpreted as a step in the synthesis de 
novo of proteins (2). Hendler (3) has suggested that lipids might 
also be involved in protein synthesis not only because of the 
preponderance of cytoplasmic lipid in the microsome but also on 
the basis of his observation that whole cells of hen oviduct tissue 
incorporate several amino acids into the lipid fraction obtained 
bysolvent extraction of the trichloroacetic acid-insoluble material. 
He also showed that agents which attack lipids deter the in- 
corporation of amino acids, presumably into protein. More 
recently he has reported that the time course of incorporation of 
labeled amino acids into lipids and proteins of chicken oviduct 
mince and homogenates is consistent with the role of an amino 
acid-lipid intermediate in protein synthesis (4). 

While investigating protein synthesis in cell-free preparations 
of rat liver we found that both microsomes and the particle-free 
supernatant solution incorporate radioactive amino acids into 
lipoidal substances (5). In this communication we compare the 
metabolic aspects of incorporation of amino acids into lipid 
with that of incorporation into protein in a cell-free system, and 
consider the possible relevance of incorporation into lipids to 
“conventional” protein synthesis. We present also some pre- 
liminary results on the nature of the amino-acid bearing lipids 
involved. 


EXPERIMENTAL 


Materials—Radioactive amino acids were purchased from New 
England Nuclear Corporation (pi-phenylalanine-3-C"), Nu- 
clear-Chicago Corporation (DL-alanine-1-C™, glycine-2-C™, pL- 
leucine-1-C™“, Volk Ra- 
diochemical Company (pt-lysine-1-C™), and from Schwarz 
Laboratories, Inc., (uniformly labeled L-phenylalanine-C"). 
Crystalline crotoxin (phospholipase A) was generously donated 
by Dr. H. Fraenkel-Conrat. Crystalline RNase was purchased 
from Worthington Biochemical Corporation. Lipoxidase was 
purchased from Mann Research Laboratories, Inc. 


* Journal Paper No. 1492 of the Purdue University Agricultural 
Experiment Station. Support of this work by a National Science 
Foundation Research Grant (G-5685) is gratefully acknowledged. 

+t A portion of this material is taken from the thesis submitted 
by Joseph L. Haining in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy. Present address, Depart- 
ment of Physiological Chemistry, University of Mississippi Medi- 
cal Center, Jackson, Mississippi. 


Methods—Following the procedures of Zamecnik and Keller (6) 
homogenates were prepared from the livers of 350 to 360 g male 
albino rats after decapitation of the animals and rapid removal 
of the organ to ice-cold 0.9% sodium chloride solution. A 
weighed amount of tissue (3 to 4 g) was minced for 30 seconds 
with scissors and immediately homogenized with 23 times its 
weight of ice-cold medium A of Keller and Zamecnik (7) employ- 
ing a Potter-Elvehjem type homogenizer with a Teflon pestle. 
The homogenization performed at 0° required 15 to 20 seconds 
(2 down-and-up strokes) for each sample of tissue. Spleen and 
pancreas homogenates were prepared similarly but were diluted 
with an equal volume of cold medium A before centrifugation. 

The homogenates were immediately centrifuged at 10,000 x 
g for 10 minutes and the supernatant fluid (termed whole super- 
nate) removed by suction, leaving the last milliliter above the 
sediment undisturbed. Supernates obtained at higher speeds 
(15,000 x g) gave essentially the same results in the incorpora- 
tion experiments. The whole supernate was further fractionated 
in the centrifuge in the following manner. The unincubated 
supernate (or the diluted incubated mixture) was recentrifuged 
at 10,000 x g for 10 minutes to insure removal of the mitochon- 
dria. The resulting supernate was then centrifuged for 30 min- 
utes at 105,000 x g. After its removal, the supernate was 
centrifuged again at 105,000 x g for 60 minutes to minimize 
contamination with microsomes. This fraction was designated 
“‘particle-free supernate.’”’ The sediment from the first centrif- 
ugation at 105,000 x g, comprising the microsomal fraction, was 
washed by suspending in the original volume of ice-cold medium 
A and centrifuging at 105,000 x g for 60 minutes. The pellet 
was employed as the microsomal fraction and was suspended for 
use in incubation experiments in either medium A or particle-free 
supernate, as required. 

The whole supernates or centrifugal fractions thereof were 
incubated (Dubnoff shaker) at 37° under an atmosphere of 95% 
nitrogen and 5% carbon dioxide for various time intervals and 
in a mixture consisting of 3.5 ml of tissue preparation, 5 umoles 
of ATP, 50 umoles of 3-phosphoglyceric acid, and 1.15 umoles of 
a radioactive amino acid in a total volume of 5 ml. Half of 
this concentration of amino acid was employed in the case of gly- 
cine-C and L-phenylalanine-C™. Prior saturation of medium 
A at 0° with the NCO, mixture resulted in a pH of 7.5 for the 
reaction mixture. When the whole supernate was incubated 
without subsequent resolution in the centrifuge, one-fifth of 
these proportions was employed and the reaction was stopped 
with an equal volume of 10% trichloroacetic acid. On the 
other hand, when the mixture was to be resolved after incu- 
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bation it was rinsed into centrifuge tubes with an equal volume 
(5 ml) of ice-cold medium A and centrifuged as outlined. The 
resulting microsomal and particle-free fractions were rinsed into 
trichloroacetic acid. Nonincubated liver fractions were added 
to the radioactive amino acid in 10% trichloroacetic acid for 
zero-time controls. 

The trichloroacetic acid-insoluble material was repeatedly 
washed by centrifuging and suspending in 5% trichloroacetic 
acid until the washings showed negligible radioactivity (5 wash- 
ings were sufficient). The inclusion of unlabeled amino acid in 
the trichloroacetic acid solution had no effect on the activity 
subsequently found in the protein and lipid fractions. The 
precipitate was next extracted with 5% trichloroacetic acid at 
90° for 15 minutes followed by two washes with the hot trichloro- 
acetic acid to remove any liberated radioactivity (nucleic acid). 
These washes were discarded. Then following essentially the 
procedure of Siekevitz (8) the precipitate was then suspended 
successively for 5 minutes at 37° in 25 volumes of acetone, fol- 
lowed by 25 volumes of ethanol-ether-chloroform (2:2:1, by 
volume), and by 25 volumes of absolute ether. The extracts were 
combined and evaporated to a known volume under a stream of 
nitrogen (lipid fraction). 

For determination of radioactivity the extracted protein was 
homogenized in acetone in an all-glass homogenizer and plated 
by transfer to sand-blasted glass disks. The addition of a drop 
or two of water to the disk upon partial evaporation of the ace- 
tone resulted in a homogenous protein suspension which dried 
toa uniform layer without curling. Aliquots of the concentrated 
lipid extracts were also plated on roughened glass disks. All 
samples were dried under a heat lamp and weighed. Counting 
was performed in a gas flow windowless counter (counting eff- 
ciency, 24%). Values were corrected for self-absorption. 

A silicic acid column, prepared by the method of Hirsch and 
Ahrens (9), except that the material was screened with a 200- 
mesh sieve without milling, was employed for fractionating the 
extracted lipid. The column (19 X 200 mm), containing 18 g 
of adsorbent, was washed with 100 ml ether before placing the 
sample (24.3 mg in 1 ml of ether) on the column. An additional 
milliliter of ether served to wash the sample into the uppermost 
layer of adsorbent before elution was begun. The sample was 
separated into two major classes of lipids by eluting (flow rate 
10 ml per hour) first with 200 ml of absolute ether (‘‘nonphos- 
phatides’’) and then 155 ml of distilled methanol (phospholipids). 

The nonphosphatide fraction, freed from ether, was hydrolyzed 
overnight at 110° with 6 Nn HCl in a sealed tube. The 
hydrolysate was extracted with ether. The aqueous layer was 
repeatedly evaporated to near dryness with the intermittent addi- 
tion of water in order to remove the HC]. The concentrate was 
spotted on Whatman No. | filter paper and irrigated with the 
solvent system, n-butanol-acetic acid-water (100:22:50, by vol- 
ume) (10). The air-dried chromatogram was developed with a 
ninhydrin dip solution (11), again dried at room temperature 
and then placed in contact with x-ray film for 10 days. A sam- 
ple of the unhydrolyzed nonphosphatide fraction as well as 
and nonradioactive pDL-phenylalanine 
were likewise chromatographed and developed. 


RESULTS 


Incorporation of C'*-Phenylalanine into Whole Supernate—The 
incorporation of C' from pL-phenylalanine-3-C™ into protein and 
lipid of the whole supernate from rat liver is presented as a func- 
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Fic. 1. Time course of the incorporation of C'4-phenylalanine 
into protein and lipid fractions of a rat liver microsome prepara- 
tion. Each vessel contained 0.7 ml of whole supernatant solution, 
1 umole of ATP, 10 umoles of 3-phosphoglyceric acid, 0.23 umole of 
pL-phenylalanine-3-C!* (500,000 c.p.m.), and water to a final vol- 
ume of 1 ml. After incubation at 37° under N2-CO:s (95:5) the 
reaction was stopped by adding trichloroacetic acid to the vessels 
and the protein and lipid fractions prepared from the precipitated 
material (see ‘‘Methods’’). 
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Fic. 2. Representation of chromatograms and autoradiograms. 
Arrow indicates direction of solvent flow. Dashed lines indicate 
radioactivity as shown by recording scanner, and refer to strip 
immediately above. Colors obtained with ninhydrin: P, pink; 
B, blue; BG, blue-gray. 


tion of time in Fig. 1. The incorporation into protein is com- 
paratively rapid, reaching its maximum level within the first 15 
minutes of incubation. On the other hand, incorporation into 
lipid proceeds at a much slower rate but ultimately reaches a 
level at a higher specific activity than the protein. That the 
radioactivity present in the lipid fraction occurred in a C!*-phen- 
ylalanine moiety was shown by radioautography of a chromato- 
graphed hydrolysate of the fractionated lipid (Fig. 2). Several 
minor contaminants in the pL-phenylalanine-3-C™ were detected 
by radioautography but none of these appeared in the lipid hy- 
drolysate. Furthermore, when rat liver supernatant solution 
was incubated with biosynthetic uniformly labeled .L-phenyl- 
alanine-C" the lipid was again found to be radioactive. 
Incorporation into Microsomal and Soluble Supernatant Frac- 
tions—The distribution of the incorporated C'*-phenylalaline 
between microsomal and soluble supernatant protein and lipid 
is shown in Table I. In a number of experiments of this type 
the greater specific activity was always found in the microsomal 
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TABLE I 


Distribution of incorporated C'4-phenylalanine between microsomal 
and soluble supernatant protein and lipid 


Incubation conditions are the same as those given in Fig. 1 
except that 5-fold proportions of the reactants were used and all 
vessels were incubated for 2 hours. After incubation, micro- 
somes and soluble supernatant solution were separated and their 
protein and lipid fractions prepared as described in the ‘‘Meth- 
ods.”’ 


c.p.m./mg mg c.p.m, 

Microsomes Lipid 219 6.5 1420 
Protein 534 15.7 8410 

Particle-free supernatant Lipid 313 1.3 407 
Protein 62 63 3910 


TaBLeE IT 
C'4-Phenylalanine incorporation into proteins and lipids of 
microsomes and soluble supernatant when incubated together 
and when incubated separately 
Incubations were carried out as described in Table I with either 
whole supernatant solution or centrifugal fractions thereof (see 
‘‘Methods’’). 


Specific activity® in 
Fraction incubated Microsomal Soluble supernatant 
Lipid | Protein | Lipid Protein 

Whole supernatant solution..... 218 390 334 36 
Particle-free supernatant. ...... 567 39 
Microsomes + particle-free su- 

pernatant (recombined)....... 320 128 453 35 


* Values expressed as c.p.m. per mg. 


protein. Although a significant amount of the incorporated 
radioactivity is found in the soluble protein, its specific activity 
is quite low. On the other hand, the supernatant lipid always 
exhibited a specific activity equal to or greater than the micro- 
somal lipid. A similar pattern of incorporation was observed in 
the whole supernates of spleen and pancreas preparations. The 
microsomal lipids of these preparations had specific activities of 
364 and 293 c.p.m. per mg, respectively, in an experiment per- 
formed concurrently with that described in Table I. 

Not only was amino acid incorporated into the lipids of the 
microsomes and the particle-free supernatant solution when 
these fractions were incubated separately, but the extent of in- 
corporation was greater than when the two cytoplasmic frac- 
tions were incubated together either as the whole supernate or by 
recombination (Table II). The increased incorporation of phen- 
ylalanine into microsomal lipid in the absence of! particle-free 
supernate was apparently not due to an impairment of a pos- 
sibly competitive incorporation into protein since the reconsti- 
tuted system still showed a lower level of radioactivity in the 
lipid although uptake into protein was approximately the same 
as when the soluble supernate was absent. Failure to obtain 


full restoration of incorporation into microsomal protein may 
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TaBLeE III 


Relative incorporation of several amino acids into 
microsomal protein and lipid 


Incubation conditions are described in Table I. Each vessel] 
contained 1.15 zmoles of the amino acid specified. The measured 
specific activities in the protein and lipid fractions were adjusted 
for the differences in the specific activities of the various amino 
acids (shown in the table). 


Relative Specific 
Specific incorporation activity 
Amino acid activity 
Lipid | Protein | protein) 
uc/pmole 
pL-Phenylalanine-3-C'......... 4.34 | 100 100 


1.86 | 105 94 
5.33 19 140 


0 
0 
0. 
3.19 9.5 67 0. 
0 
0 
0 


Glycine-2-C™. ................. 


4.87 9 22 
2.92 9 96 
4.05 3.2 29 


* Adjusted specific activity (c.p.m. per mg) in lipid and in pro- 
tein separately set equal to 100 for phenylalanine incorporation 


in order to facilitate comparison of the incorporation of each 


amino acid into each fraction. 

T Ratio of adjusted c.p.m. per mg of lipid to that of protein to 
illustrate the absence of any simple relationship of amino acid 
incorporation into the two fractions. 


perhaps be attributed to the greater instability of the system in- 
volved in the “conventional” incorporation. 

Incorporation of Other Amino Acids into Microsomal Protein 
and Lipid—The relative degree of incorporation of several other 
radioactive amino acids into the two fractions from microsomes 
is shown in Table III. Phenylalanine and tryptophan surpassed 
all the other radioactive amino acids in their capacity to label 
the lipid. A similar pattern of incorporation was noted in the 
lipid from the particle-free supernate. In contrast, leucine was 
most effective in labeling microsomal protein, with little differ- 
ence existing between phenyalanine, tryptophan, and valine. 
From the last column of Table III it is apparent that there is no 
correlation between the amount of amino acid incorporated into 
the lipid and that incorporated into the protein. 

Effect of Various Agents upon Amino Acid Incorporation—The 
action of various additions and deletions on the incorporation of 
C'*-phenylalanine into lipid and protein was studied in order to 
further distinguish between the two pathways of amino acid 
uptake (Table IV). Because these data were drawn from several 
different experiments with the use of different whole supernate 
preparations the activity is expressed in terms of relative specific 
activity, setting the controls equal to 100. The omission of an 
exogenous energy source or the addition of fluoride or p-chloro- 
mercuribenzoate had no effect on amino acid uptake into lipid, 
however, incorporation into microsomal protein was severely 
curtailed. Likewise, pretreatment with RNase, crotoxin, or 
lipoxidase inhibited labeling of the protein but not of the lipid. 
Crotoxin markedly increased the incorporation into both micro- 
somal and soluble lipid. Owing to the unexpected nature of the 
results with the crotoxin, the experiment was repeated with es- 
sentially the same results. 

Incorporation of Phenylalanine as Function of Concentration— 
The extent of incorporation of phenylalanine into protein and 
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lipid at two different concentrations indicates again a nonidentity 
of the pathways involved (Table V). Increasing the concentra- 
tion of phenylalanine 50-fold while holding the quantity of radio- 
active amino acid constant resulted in a sharp reduction in in- 
corporation into protein but had no effect on incorporation into 
lipid. It may be concluded that the concentration of phenyl- 
alanine which is saturating for incorporation into lipid greatly 
exceeds that for incorporation into protein. 

Nature of Amino Acid-bound Lipid—Fractionation by silicic acid 
chromatography of the lipid into which C™-phenylalanine had 
been incorporated disclosed that most of the amino acid was 
present in the nonphosphatide fraction! (Table VI). The radio- 
activity could not be removed from this fraction by washing the 
ether solution with 5% NaHCO; or with a dilute hydrochloric 
acid solution of pi-phenylalanine. Acid hydrolysis of the la- 
beled lipid permitted the identification of C'-phenylalanine by 
autoradiography of the chromatographed hydrolysate (Fig. 2). 
However, even these drastic conditions did not completely 
liberate all of the radioactive amino acid. At least four 
other ninhydrin-reactive spots appeared on the chromatogram of 
the hydrolysate, none of which were radioactive or have yet been 
positively identified. ‘The unhydrolyzed lipid moved as a single 
radioactive, ninhydrin-negative spot in the solvent system em- 
ployed. The fractionated lipid contained no detectable phos- 
phorus. 


DISCUSSION 


This study has shown that when rat liver microsome prepara- 
tions are incubated with certain C'*-labeled amino acids a sig- 
nificant part of the incorporated radioactivity is found in the 
lipids which are precipitated with proteins by trichloroacetic acid. 
This observation parallels Hendler’s findings that amino acids 
are incorporated into chloroform-soluble lipids by preparations 
from hen oviduct tissue (3, 4). 

However, from a consideration of the relative uptakes by lipid 
and protein as well as the dissimilar responses of these uptakes 
to various inhibitory treatments, it is not possible to conclude 
that amino acid incorporation into lipid is related to incorpora- 
tion into protein. Thus, for example, leucine was best incorpo- 
rated into protein but its incorporation into lipid was only one- 
fifth that of phenylalanine. Valine was incorporated into 
protein almost as well as phenylalanine but was scarcely taken 
into lipid at all. Furthermore, the labeling of microsomal pro- 
tein by phenylalanine could be inhibited by a variety of treat- 
ments (RNase, fluoride, p-chloromercuribenzoate, or the omis- 
sion of ATP and 3-phosphoglyceric acid) which had no effect on 
the movement of the amino acid into lipid. 

Hendler’s suggestion that lipids might be directly involved in 
protein synthesis was based in part on the inhibition of amino 
acid incorporation by agents which act upon lipids (3, 4). In 
the present investigation it was found that crotoxin (phospho- 
lipase A) treatment prevented amino acid incorporation into pro- 
tein but it was also shown to greatly enhance the uptake by 
lipid. Lipoxidase, which might also be expected to seriously 
alter the lipid component likewise inhibited incorporation into 
protein but did not effect the labeling of the lipid. However, 
the probablility that this enzyme may have had its effect through 
secondary oxidative reactions should not be overlooked. It is 


1 Upon subsequent fractional elution of the nonphosphatide 
lipid, the radioactive material followed the appearance of the 
sterols, triglycerides, and sterol esters. 
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TaBLe IV 
Effect of various treatments on C'4-phenylalanine 
incorporation into protein and lipid 
Whole supernatant solutions (and the controls) were incubated 
for 5 minutes at 37° with the enzymes specified after which the 
other components of the incubation mixture were added (see Ta- 


ble I). Total incubation time: 2 hours. 
Relative specific activity in 
Treatment 
Protein Lipid 

ATP and 3-phosphoglyceric acid omit- 

NaF (10°? m) (ATP and 3-phospho- 

glyceric acid omitted).............. 33 99 
p-Chloromercuribenzoate (10-3 m)..... 15 86 
Chloramphenicol (6.2 K 10-3 m)...... 70 S4 
RNase (0.1 mg/ml)................... 42 107 
Lipoxidase (1 mg/ml)................. 24 85 
Crotoxin (20 wg/ml)................... 13 393 


* Actual specific activity (¢.p.m. per mg) of protein and of lipid 
separately set equal to 100. The values in one column cannot be 
compared directly to those in the other. 


TABLE V 
Effect of amino acid concentration on incorporation of 
pL-phenylalanine-8-C'4 into protein and lipid 
Incubations were carried out as described in Fig. 1, all vessels 
being incubated for 30 minutes. 


Specific activity 
Addition 
Protein Lipid 
c.p.m./mg c.p.m./mg 
pL-Phenylalanine (12 mm)............. 5 95 


TaBLeE VI 


Fractionation of C'4-phenylalanine-labeled lipid by silicic 
acid chromatography 


Specifi Total 

c.p.m./mg meg c.p.m, 
Original extracted lipid. ........ 364 35 12,750 
Nonphosphatides................ 387 31 11,990 
Phospholipids................... 120 3.7 445 


quite possible that lipolytic agents are effective inhibitors of 
amino acid incorporation into protein because of their destructive 
action on lipid-containing membranes or surfaces. The stimula- 
tion of amino acid incorporation into microsomal lipid might be 
due to the exposure of more sites for amino acid binding to lipid 
or conceivably due to transesterification involving the phenyl- 
alanine. 

The lack of dependence of amino acid incorporation into lipid 
on energy-yielding compounds, or reactions, makes it difficult to 
visualize a direct role for this phenomenon in the formation de 
novo of peptide bonds in view of present knowledge of the 
energetic requirements for peptide bond formation. The sugges- 
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tion that amino acids are first incorporated into a lipophilic com- 
pound as an aid in their transport to, or through, lipophilic mem- 
branes or surfaces before their conversion into an activated 
(adenyl) form cannot be finally assessed without further experi- 
mental data. The most potent argument against the possibility 
that the amino acid-lipid complex is directly on the pathway of 
amino acid incorporation into protein is that dilution of radio- 
active phenylalanine by cold carrier does not impair the incorpo- 
ration of radioactivity into the lipid-soluble material but does 
greatly depress its incorporation into protein. However, if only 
a small component of the lipid-soluble material were concerned 
with protein synthesis and it underwent very rapid turnover, it 
could remain undetected by the methods which we have employed. 
The failure to find either a direct or an inverse relationship be- 
tween incorporation into lipid and into protein does not permit 
a decision on the role of the lipid as a point of accumulation of 
amino acids for subsequent transfer into microsomal protein as 
suggested by Hendler (3). 

The finding that amino acids are firmly bound by the nonphos- 
phatide lipid fraction is of interest, apart from its possible par- 
ticipation in protein synthesis. The occurrence of amino acids 
in extracted phospholipids is well known (12). Folch and Lees 
(13) have isolated proteolipids from liver, among other tissues; 
these preparations characteristically form a white fluff at the 
interface of chloroform-methanol and water. Hendler (3) re- 
ported that the lipid-soluble radioactivity which he obtained 
from oviduct tissue incubated with a radioactive amino acid had 
similar properties. The proteolipids were also described (13) as 
having phosphatides and cerebrosides as the lipid moiety and a 
protein moiety which became insoluble in chloroform-methanol 
upon evaporation to dryness in the presence of a small amount of 
water. In this study an insoluble residue was likewise observed 
to form upon evaporating the extracted C'*-phenylalanine-bound 
lipid. However, all of the radioactivity remained soluble. 
Moreover, the major portion of our radioactive lipid contained 
no detectable phosphorus. The identity of this material and 
cerebrosides was ruled out by their dissimilar characteristics on 
silicic acid columns (9). Further work on the amino acid-con- 
taining nonphosphatide lipid is in progress. 


Amino Acid Incorporation into Lipoidal Material 


Vol. 235, No. 1 


SUMMARY 


1. The lipids of rat liver microsomes and particle-free cyto- 
plasmic supernate become labeled when incubated with any one 
of several radioactive amino acids. Tryptophan and pheny]l- 
alanine are the most effective of those tested. Leucine, lysine, 
glycine, valine, and alanine are also incorporated into lipid. The 
lipids of similar preparations from spleen and pancreas are like- 
wise labeled by C'*-phenylalanine. 

2. There appears to be no simple relationship between the 
amount of amino acid taken up by the microsomal lipid and 
that by the protein under conditions which permit good uptake 
into protein. 

3. Incorporation of C'-phenylalanine into lipid is unaffected 
by treatment with fluoride, p-chloromercuribenzoate, ribonu- 
clease, lipoxidase, or the presence of a large excess of nonradio- 
active phenylalanine, all of which markedly inhibit incorporation 
of radioactivity into protein. Crotoxin (phospholipase A) also 
inhibits amino acid uptake by protein but stimulates that by 
lipid. Incorporation into lipid does not require an added source 
of energy. 

4. A large part of the radioactivity incorporated into the lipid 
is found chemically bound in the nonphosphatide fraction. Pro- 
longed acid hydrolysis of the labeled lipid is required to liberate 
the incorporated C'*-phenylalanine. 
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Scorbutic guinea pigs and man excrete p-hydroxyphenylpy- 
ruvic acid in the urine when given large amounts of tyrosine or 
phenylalanine (1-5). Since the administration of ascorbic acid 
abolishes this defect, it has been concluded that ascorbic acid has 
an important role in maintaining normal tyrosine metabolism. 
At one time, ascorbic acid was proposed as a specific cofactor for 
p-hydroxyphenylpyruvic acid oxidase, the enzyme which cata- 
lyzes the oxidation of p-hydroxyphenylpyruvic acid to homogen- 
tisic acid (6). However, a less specific role for the vitamin in 
this reaction was suggested by the finding that a number of com- 
pounds such as D-ascorbic acid, D-isoascorbic acid, and 
structurally unrelated compounds such as 2,6-dichlorophenol- 
indophenol and hydroquinone could replace ascorbic acid in the 
oxidation of tyrosine in vitro (7,8). More recent studies (8-10), 
have shown that ascorbic acid and the compounds which can 
replace it act by protecting p-hydroxyphenylpyruvic acid oxidase 
from inhibition by its substrate. This inhibition is unusual in 
that it occurs after a lag period, and the initial rate of oxidation 
of the substrate is unaffected. In the presence of ascorbic acid 
or the other reducing agents, the initial rate of oxidation of p- 
hydroxyphenylpyruvic acid is continued (10). As a result of 
these enzyme studies, it was of interest to determine whether 
vitamin C protects p-hydroxyphenylpyruvic acid oxidase from 
inhibition in vivo and maintains normal tyrosine metabolism by 
the same mechanism. 

In this paper, data will be presented which show that livers of 
scorbutic guinea pigs contain the same concentration of p-hy- 
droxyphenylpyruvic acid oxidase activity as normal liver. How- 
ever, the enzyme in the scorbutic liver is vulnerable to substrate 
inhibition whereas that in the normal liver is protected by the 
ascorbic acid present. The administration of p-hydroxyphenyl- 
pyruvic acid has little if any effect upon thp activity of oxidase 
in the normal animal, but in the scorbutic animals over one-half 
of the enzyme is inactive 1 hour after a single injection of p- 
hydroxyphenylpyruvie acid. 


EXPERIMENTAL 


Materials—p-Hydroxyphenylpyruvie acid was obtained from 
H. M. Chemical Company, Ltd., Santa Monica, California, 2, 
6-Dichlorophenolindophenol and @,a’-dipyridyl were purchased 
from Kastman Organic Chemicals Department, Eastman Kodak 
Company. Glutathione, L-tyrosine, and a-ketoglutaric acid 
were commercial preparations from the Nutritional Biochemical 
Corporation, Cleveland, Ohio. L-Ascorbic acid was obtained 
from Merck and Company, Inc. Homogentisic acid was pur- 
chased from Cylo Chemical Corporation, Los Angeles, California. 


Animals—Male, albino guinea pigs weighing approximately 
200 g were placed on a diet of either Purina chow rabbit pellets 
and cabbage (normal diet) or the vitamin C-free diet prepared 
as described by Woodruff et al. (11).!. In addition, some animals 
were given the vitamin C-free diet supplemented with 25 mg of 
ascorbic acid per day. After 2 weeks, the animals on the vitamin 
C-free diet developed the typical signs of scurvy; weight loss, 
swollen joints, and hemorrhages in the knee joints. The animals 
subjected to an intraperitoneal injection of p-hydroxypheny]l- 
pyruvic acid were given 20 mg of the neutralized keto acid per 
100 g body weight 1 hour before being sacrificed. In order to 
be certain that the injection was intraperitoneal, blood samples 
were taken 15 minutes after the injection and the plasma level 
of the keto acid determined by measuring it as the enol-borate 
complex spectrophotometrically (12). In each case the animals 
receiving p-hydroxyphenylpyruvic acid had a high blood level 
of the keto acid, in the order of 50 wg per ml of plasma. 

Preparation of Liver Homogenate—At the time of sacrifice, 6 g 
of liver were homogenized with 12 ml of 0.2 m sodium phosphate 
buffer, pH 6.5, with a Potter-Elvehjem type glass homogenizer 
at 5°. The homogenate was centrifuged at 10,000 x g for 10 
minutes, and the resulting supernatant fraction was used in the 
experiments described below. Protein was determined by the 
spectrophotometric method of Warburg and Christian (13). The 
centrifuged homogenate contained approximately 80 mg of pro- 
tein per ml in both the normal and scorbutic liver preparations. 

liver Ascorbic Acid Determination—Two grams of liver were 
homogenized with 25 ml of 4 per cent trichloroacetic acid at 5°. 
After centrifugation, suitable aliquots of the deproteinized super- 
natant fraction were taken for the determination of ascorbic acid 
according to the method of Roe et al. (14). 

Enzyme Assay Methods—Tyrosine transaminase activity was 
estimated manometrically as described previously (15). The 
homogenate was supplemented with a-ketoglutarate and 2,6- 
dichlorophenolindophenol in order to insure optimal activity. 
p-Hydroxyphenylpyruvie acid oxidase was determined spectro- 
photometrically by following the decrease of the enol-borate com- 
plex in the presence of hog kidney tautomerase as developed by 
Hager et al, (16). Homogentisic acid oxidase was determined 
manometrically as described previously (15). 


RESULTS 
Reactivation of p-Hydroxyphenylpyruric Acid Oxidase Inhibited 
by Excess Substrate—If ascorbic acid protects p-hydroxyphenyl- 


1 Obtained from Nutritional Biochemical Corporation, Cleve- 
land, Ohio. 
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TABLE I 
Reactivation of substrate-inhibited p-hydroxyphenylpyruvic acid 
oxidase with reduced 2,6-dichlorophenolindophenol 

The reaction was measured spectrophotometrically by following 
the disappearance of the enol-borate complex of p-hydroxyphenyl- 
pyruvate at 340 myz (10). The cuvettes contained 0.42 m boric 
acid-0.17 m sodium phosphate buffer, pH 6.2, 15 umoles of neutral - 
ized glutathione, 0.2 ml of keto-enol tautomerase, and 1.0 umole 
of p-hydroxyphenylpyruvic acid; after equilibrium 0.1 ml of liver 
homogenate prepared from a scorbutic guinea pig was added to 
start the reaction. Total volume was 3.0 ml. 


Conditions Initial velocity 

O.D. XK 108/min 
Rate in absence of reduced dye............... 85 
Rate in presence of reduced dye*.............. 88 
Rate during substrate inhibitionf.............. 35 
Rate after addition of reduced dyef.......... : 65 


* Cuvettes contained 100 ug of 2,6-dichlorophenolindophenol 
added before the substrate and after glutathione. 

t Within 8 minutes the reaction slowed down when dye was 
omitted and at this time 100 ug of dye were added to duplicate 
cuvettes and reactivation of inhibited enzyme determined during 
the next 4 minutes. 


pyruvic acid oxidase from inhibition by its substrate in vivo, one 
would expect to find inhibited enzyme in the liver of scorbutic 
animals after the administration of p-hydroxyphenylpyruvic acid. 
A means of detecting inhibited enzyme was suggested by studies 
in vitro in which it was found that reduced 2, 6-dichlorophenolin- 
dophenol not only can prevent inhibition by excess substrate but 
also has the property of reactivating enzyme previously inhibited 
by substrate (10, 16) or by prolonged storage (17). This effect 
of 2,6-dichlorophenolindophenol is illustrated in Table I. If all 
of the enzyme is present in an active form, the initial rate of 
substrate disappearance is the same whether or not 2 ,6-dichloro- 
phenolindophenol is present. However, if part of the enzyme 
has been previously inactivated by excess substrate, reduced dye 
reactivates the inhibited portion, and therefore the initial rate 
will be greater when 2,6-dichlorophenolindophenol is present. 
It is evident that a large fraction of the activity lost by substrate 
inhibition in the liver homogenate from a scorbutic guinea pig 
can be restored by 2,6-dichlorophenolindophenol (Table [). 
Therefore, a comparison of the initial rate of substrate disappear- 
ance measured both with and without the dye permits an esti- 
mation of the relative amount of inactive p-hydroxyphenylpyru- 
vic acid oxidase. 

Effect of Intraperitoneal Injection of p-Hydroxyphenylpyruvic 
Acid in Normal and Scorbutic Animals—Eighteen guinea pigs 
were placed on a pellet and cabbage diet and the same number of 
animals were given the ascorbic acid deficient diet. After 19 
days, the two groups were divided and half of each group received 
an intraperitoneal injection of p-hydroxyphenylpyruvic acid 1 
hour before sacrifice. The p-hydroxyphenylpyruvic acid oxidase 
activity of liver homogenates prepared from these animals was 
then determined spectrophotometrically, with and without 2,6- 
dichlorophenolindophenol, and typical results in the scorbutic 
group are shown in Figs. 1 and 2. As can be observed, the initial 
rate of p-hydroxyphenylpyruvic acid oxidation was the same 
whether or not 2,6-dichlorophenolindophenol was present in the 
homogenate of an untreated animal (Fig. 1). However, in the 


homogenate from an animal which had received p-hydroxyphen- 


Ascorbic Acid in Tyrosine Metabolism 


Vol. 235, No. 1 


mu 
OO 


0.7 
0.6 
0.5 
0.4 


0,3 


OPTICAL DENSITY AT 308 


0.2 
0.1 


20 
TIME IN MINUTES 


Fig. 1. p-Hydroxyphenylpyruvic acid oxidase activity in scor- 
butic liver homogenate from a guinea pig not treated by injection 
with p-hydroxyphenylpyruvic acid. The reaction was measured 
spectrophotometrically. The cuvettes contained 0.42 m boric 
acid-0.17 m sodium phosphate buffer, pH 6.2, 15 uwmoles of glu- 
tathione, 0.2 ml of keto-enol tautamerase, and 0.25 umole of p-hy- 
droxyphenylpyruvic acid; after equilibrium 0.1 ml of a 33 per cent 
homogenate was added to start the reaction. Total volume was 
3.0 ml. Curve A, no reduced 2,6-dichlorophenolindophenol pres- 
ent, Curve B, 0.3 umole of 2,6-dichlorophenolindophenol added 
after glutathione and before the substrate. 


ylpyruvic acid (Fig. 2), the initial rate was at least three times as 
great in the presence of 2,6-dichlorophenolindophenol. Ascorbic 
acid was less effective in reactivating the inhibited oxidase than 
the dye. It should be noted that in the presence of 2 ,6-dichloro- 
phenolindophenol, the activity of the oxidase was about the same 
in both homogenate samples, suggesting that approximately two- 
thirds of the oxidase had been inactivated in the scorbutic ani- 
mals which had received the injection. 

Since large amounts of the substrate had been injected, it was 
of interest to determine whether any residual p-hydroxyphenyl- 
pyruvic acid remained in the liver of the treated animals at the 
time of sacrifice. Analysis of the liver homogenates showed that 
they contained no detectable amount of the injected compound. 
Prolonged dialysis of the homogenate did not reactivate it unless 
the dye or ascorbic acid were added. Thus, the homogenate 
from the scorbutic animal treated with p-hydroxyphenylpyruvic 
acid behaved in all respects like a preparation of p-hydroxyphen- 
ylpyruvic acid oxidase previously inhibited by excess substrate 
(10). 

The activity of p-hydroxyphenylpyruvic acid oxidase in the 
normal animals was found to be essentially the same whether or 
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not p-hydroxyphenylpyruvic acid had been administered, and 
reduced 2,6-dichlorophenolindophenol had no effect on the ac- 
tivity of these preparations (Table II). Similar results were ob- 
tained in six animals on a vitamin C-deficient diet which was 
supplemented with 25 mg of ascorbic acid per day. A compari- 
son of the results in the normal and scorbutic groups indicates 
that the activity of p-hydroxyphenylpyruvic acid oxidase in the 
scorbutic animals which had received p-hydroxyphenylpyruvic 
acid was diminished, and that reduced dye had the capacity to 
reactivate the inhibited enzyme to the same level as found in 
normal animals (Table II). It should be noted that the level 
of p-hydroxyphenylpyruvic acid oxidase in the untreated scorbutic 
animals was essentially the same as that in the normal group and 
was not increased by the addition of 2,6-dichlorophenolindo- 
phenol. Therefore, it appears that the scorbutic animal can 
maintain normal tyrosine metabolism and has the same concen- 
tration of enzyme as the normal animal unless subjected to the 
effect of large amounts of p-hydroxyphenylpyruvic acid. It also 
appears that under the above conditions in which the p-hydroxy- 
phenylpyruvic acid oxidase is inhibited, tyrosine transaminase 
and homogentisic acid oxidase are not affected. 


DISCUSSION 


The data presented indicate that ascorbic acid maintains 
normal] tyrosine metabolism in vivo through the same mechanism 
as has been found in vitro (9, 10, 16), that is, by protecting p-hy- 
droxyphenylpyruvic acid oxidase from inhibition. It is of 
interest that inhibited p-hydroxyphenylpyruvic acid oxidase was 
found in only the scorbutic animals given p-hydroxyphenylpy- 
ruvic acid, and that the untreated scorbutic animals had no 
inhibited liver enzyme. This finding supports the view that 
ascorbic acid is not needed to maintain tyrosine oxidation under 
ordinary circumstances or even in the scorbutic state, but it is 
required under the particular conditions in which inactivation of 
p-hydroxyphenylpyruvic acid oxidase would otherwise occur. 
In accord with the above data, the accumulation of sufficient 
substrate to inhibit p-hydroxyphenylpyruvic acid oxidase would 
be favored by an adaptive increase in the tyrosine transaminase 
activity. An increase in the activity of this enzyme has been 
demonstrated to occur in rats subjected to stress conditions (18), 
and in response to treatment with cortisone (19). Feeding extra 
tyrosine to rats (20) did not alter the p-hydroxyphenylpyruvic 
acid oxidase activity in the liver, but this result is in keeping 
with the ability of rats to synthesize ascorbic acid. In contrast, 
guinea pigs fed extra tyrosine excreted p-hydroxyphenylpyruvic 
acid in the urine (1, 21), and this defect is corrected by vitamin 
C. Without this vitamin, it would be expected that decreased 
p-hydroxyphenylpyruvic acid oxidase activity would help to 
perpetuate the metabolic defect once conditions have been es- 
tablished which favor inhibition of the oxidase. 

Although the exact manner in which ascorbic acid protects the 
enzyme from substrate inhibition is not known, the possibility 
must be considered that the vitamin is acting indirectly through 
an agent or metabolite to protect the oxidase (22). The effec- 
tiveness of reduced 2,6-dichlorophenolindophenol in preventing 
substrate inhibition in vitro is about 700 times that of ascorbic 
acid on a molar basis, and the effectiveness of the vitamin pro- 
gressively decreases upon purification of the enzyme (10). As- 
corbic acid appears to be much more potent in vivo considering 
its low concentration in the liver than it is in preventing substrate 
inhibition with purified enzyme. Preliminary experiments with 
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Fig. 2. p-Hydroxyphenylpyruvic acid oxidase activity in scor- 
butic liver homogenate from a guinea pig injected intraperitone- 
ally with p-hydroxyphenylpyruvic acid 1 hour before sacrifice. 
The spectrophotometric assay conditions were as described under 
Fig. 1. Curve A, no ascorbic acid or 2,6-dichlorophenolindophe- 
nol present, Curve B, 12 uwmoles of freshly prepared L-ascorbic 
acid added after glutathione and before the substrate, Curve C, 
0.3 umole of 2,6-dichlorophenolindophenol added after glutathione 
and before the substrate. 


six scorbutic animals given reduced 2,6-dichlorophenolindo- 
phenol dye several hours before an injection of p-hydroxyphenyl- 
pyruvic acid indicate that the dye can prevent inhibition of 
p-hydroxyphenylpyruvic acid oxidase in vivo. More detailed 
appraisal of the antiscorbutic activity of 2 ,6-dichlorophenolindo- 
phenol is now under investigation. These studies, as those with 
p-ascorbic acid (23) may help to differentiate some of the non- 
specific functions of vitamin C from those which require L-as- 
corbic acid. 


SUMMARY 


1. Scorbutic guinea pigs which received parenteral injections 
of p-hydroxyphenylpyruvic acid have over half of their liver 
p-hydroxyphenylpyruvic acid oxidase inhibited 1 hour after the 
injection. The inactive enzyme can be reactivated in vitro by 
the addition of either ascorbic acid or, more effectively, by the 
reduced form of 2,6-dichlorophenolindophenol. 

2. The activities of liver tyrosine transaminase and homo- 
gentisic acid oxidase are not altered by the injection of p-hydroxy- 
phenylpyruvic acid in normal or scorbutic guinea pigs. 

3. Scorbutic guinea pigs contain the same concentration of 
p-hydroxyphenylpyruvic acid oxidase in the liver as animals on 
a normal diet. 
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TABLE II 


Effect of an injection of p-hydrozyphenylpyruvic acid on tyrosine transaminase, p-hydroxyphenylpyruvic acid oxidase, and 
homogentisic acid oxidase in normal and scorbutic guinea pig liver 


Assay conditions. Tyrosine transaminase—The Warburg flasks contained 1.0 ml of a 33 per cent liver homogenate, 0.2 m sodium 
phosphate buffer, pH 7.5, 15 umoles of a-ketoglutarate, 2 umoles of a,a’-dipyridyl, 20 umoles of neutralized glutathione, and 100 ug 
of 2,6-dichlorophenolindophenol dye. The side arm contained 5 ymoles of L-tyrosine in 0.5 ml of the phosphate buffer. Total fluid 
volume was 2.0 ml. p-Hydroxyphenylpyruvic acid oridase—Assayed as described under Fig. 1. Homogentisic acid oridase—The War- 
burg flasks contained 0.5 ml or 1.0 ml of a 33% liver homogenate, 0.2 mM sodium phosphate buffer, pH 6.5, and 0.2 umole of ferrous 
sulfate. The side arm contained 5.0 ymoles of homogentisic acid in 0.5 ml of the phosphate buffer. Total fluid volume was 2.0 ml. 


| Normal animalst | Scorbutic animalst 
Enzyme assay* —— 
Untreated (9)t Treated (9) | Untreated (8) Treated (9) 
pmoles of substrate oxidized/hr/g fresh liver§ 

19.2+ 3.3 18.1+ 3.6 | 25.9+ 7.0 25.3 + 4.9 
p-Hydroxyphenylpyruvic acid oxidase without reduced | 

32.7 + 3.2 28.84 4.1 | 270+ 2.2 126+ 2.9 
p-Hydroxyphenylpyruvic acid oxidase with reduced | 

Homogentisic acid oxidase........................... 92.7 + 11.4 100.24 14.8 74.6 + 18.5 77.4 + 12.4 


* Enzyme assays were carried out at 37° except p-hydroxyphenylpyruvic acid oxidase, which was measured at 25° with and without 
dye (2,6-dichlorophenolindophenol). Enzyme activities are based upon the initial rate of oxidation. Transaminase activity was cal- 
culated after the initial lag period. 

t Ascorbic acid levels: normal liver, 20.4 + 5.5 (mean, + standard error) mg per 100 g wet weight of liver; scorbutic liver, 1.42 + 0.34. 

~ Numbers in parentheses = number of animals. 

§ Standard error of the mean is given. The statistical significance of the difference in p-hydroxyphenylpyruvic acid oxidase in the 
scorbutic animals with and without injection evaluated by the t test gives a P value of <0.001. 
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The classical preparation of pancreatic enzymes includes im- 
mediate immersion of the fresh or frozen tissue in 0.25 Nn HSOQ,, 
followed by ammonium sulfate fractionation of the individual 
It is perhaps a fortunate coincidence that many 
of the digestive enzymes of this tissue have been able to with- 
stand this drastic procedure. On the other hand, the possi- 
bility that this treatment has altered the proteins (enzymes) of 
the tissue from their intracellular condition and activity should 
be seriously considered and evaluated. For example, acid ex- 
tracts of bovine pancreas have been shown to contain two 
components which possess ribonuclease activity after chromatog- 
raphy over the cation exchange resin IRC-50 (XE-64) (4). Phos- 
phate extracts of mouse pancreas, or sucrose extracts of either 
mouse or bovine pancreas, however, exhibit three ribonuclease 
activity peaks when chromatographed (5). The first of these 
peaks to be eluted is not held back by the resin, which indicates 
that the ribonuclease is combined with some acidic component. 
On acid treatment, however, this acidic material is dissociated 
from the enzyme and ribonuclease activity is eluted from the 
column at the same elution volumes as is found with acid ex- 
tracts of the whole tissue. These results suggest that acid treat- 
ment of the pancreas significantly modifies at least a portion of 
the ribonuclease from its intracellular condition. This view is 
supported by the observation (6) that acid treatment of a sucrose 
supernatant solution of a mouse pancreas homogenate signifi- 
cantly increases its ribonuclease activity. Subsequent work has 
shown that this increase is due solely to the effect of acid on 
chromatographic Peak I. 


EXPERIMENTAL 
Methods and Materials 


Homogenization Procedures—Both beef and mouse CBA pan- 
creas were used in this work. The tissue was homogenized with 
9 parts of H.O, 0.25 n HSOu,, or 0.25 M sucrose in a Potter- 
Elvejhem type homogenizer fitted with a Teflon pestle. In some 
instances the entire homogenate was placed on the column, in 
others, the supernatant solution, after centrifuging for 105,000 x 


* This investigation was supported in part by research grants 
from the National Institutes of Health, United States Public 
Health Service, No. A-803, and the United States Atomic Energy 
Commission, Contract No. AT(11-1)-305. A preliminary report 
of this work was presented at the meeting of the American Society 
of Biological Chemists, Chicago, Illinois, April 15 to 19, 1957 (1). 
A portion of the data of this paper is taken from a thesis (2) sub- 
mitted to the Department of Biological Chemistry, University of 
Utah College of Medicine, by Gene A. Morrill in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy. 


g for 60 minutes, was chromatographed. For large scale chro- 
matography, 30% homogenates were prepared. Chromatogra- 
phy of 0.25 M sucrose supernatant solutions from frozen tissue 
exhibited the same elution patterns as those obtained from fresh 
tissue. 

Chromatographic Procedures—IRC-50 (XE-64) resin was ob- 
tained from Rohm and Haas and prepared for use in columns by 
the procedure of Hirs (7). For the control of microbiological 
contamination the equilibrated resin and buffer were sterilized 
by autoclaving before each column was poured.!. When solu-. 
tions were to be rechromatographed, the peak tubes, based on 
ribonuclease activity were combined, dialyzed at 4° overnight 
against 10-* m EDTA,’ pH 6, and lyophilized. The residue was 
dissolved in 2 to 3 ml of HO, adjusted to pH 6.2, and rechroma- 
tographed. These manipulations resulted in little or no loss of 
the ribonuclease activity. 

Enzyme and Chemical Assays—Ribonuclease activity was de- 
termined at pH 5.0 or pH 7.5 by the procedure of Dickman et al. 
(8). A unit of ribonuclease activity is defined as the value of 
the experimental absorbance (Ao0) multiplied by the dilution 
factor. ‘Purine ribonuclease” activity was determined by the 
procedure of Heppel and Hilmoe (9), and proteolytic activity by 
the method of Anson (10). Ninhydrin-positive material was 
measured by the procedure of Yemm and Cocking (11). 


RESULTS 


Extraction and Chromatographic Studies—Fresh mouse pan- 
creas was homogenized in 9 volumes of 0.2 Mm phosphate buffer, 
pH 6.47, and centrifuged for 10 minutes at 600 x g. Of the 
cloudy supernatant solution, 2 ml were added to a 0.9 « 30 cm 
column of XE-64 resin equilibrated at pH 6.47 and elution 
accomplished with phosphate buffer at pH 6.47 (4). As illus- 
trated in Fig. 1A, ribonuclease activity was eluted in three frac- 
tions, labeled Peaks I, II, and III. The bulk of the ninhydrin- 


1 Although the volume of phosphate buffer which is necessary 
for the elution of Peaks I and II from mouse pancreas has re- 
mained relatively constant in hundreds of columns during the 
past 5 years, the volume to the peak tube of Peak III has varied 
from 25 to 55 ml. We consider that this variation is a function 
of (a) the amount of protein placed on the column and (b) the 
number of microorganisms in contact with the resin during the 
chromatography. When columns are used for the chromatog- 
raphy of crude pancreas extracts, the resin is treated according 
to the procedure of Hirs (7) between each usage, and in addition, 
is autoclaved. Sterilization of the buffer also has aided in secur- 
ing uniform results. 

a abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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Fic. 1. Chromatographic elution patterns of ribonuclease ac- 
tivity and ninhydrin-positive substances obtained from mouse 
pancreas homogenates. A, phosphate extract; B, H2SO, extract 
O——O, RNase activity, pH 5.0; @---@, Ninhydrin color. 
Shaded area represents polynucleotide material which was not 
precipitated in the assay. 


positive material passed through the column readily, as well as 
some other substances with an absorbancy peak at 258 muy. 
This latter material is probably polynucleotide. The fact that 
it is not precipitated by tert-butanol-acetic acid in the assay in- 
dicates that the molecular weight of this material is relatively 
low. 

Other samples of mouse pancreas were homogenized directly 
in 0.25 n H2SO, and treated by the procedure of Hirs et al. (4). 
The pH 5.8 supernatant solution was placed on a column of 
XE-64 resin which was then eluted with 0.2 m phosphate, pH 
6.47. The patterns of Fig. 1B demonstrate that the activity 
was eluted as two major peaks with peak volumes at 14 and 36 
ml, respectively. Ninhydrin-positive material was eluted as a 
double peak at 10 and 15 ml. Both the ninhydrin-positive and 
258 myu-absorbing substances were present in lower concentra- 
tions than in the phosphate buffer extracts. Ribonuclease Peak 
I was absent from acid-treated extracts although a small amount 
of polynucleotide material was eluted in this volume range. 

Ninhydrin-positive material in the region of Peak III (Fig. 1) 
was negligible. This is not surprising when one considers the 
sensitivity of the assay; 0.28 ug of crystalline beef ribonuclease 
results in an Ago of 0.25 in the pH 5.0 assay. This amount of 
the mouse pancreas enzyme, on the assumption that it possesses 
a molecular weight of 14,000, is equivalent to 2 « 10-5 umoles. 
If there are 10 lysine residues and 1 terminal amino group per 
mole, as found in beef ribonuclease (12), the reacting groups are 
still too few in number to produce a significant ninhydrin color. 

The two types of mouse pancreas extracts were also chroma- 
tographed on a column of XE-64 resin which had been equi- 
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Fic. 2. pH gradient elution chromatography of mouse pan- 
creas extracts on a 0.9 X 30 cm column of IRC-50 (XE-64); the 
resin was equilibrated with sodium phosphate buffer (0.2 m, pH 
6.0). The enzyme preparations were then placed on the column 
and eluted with 0.2 m sodium phosphate buffer, pH 6.47. A, 
phosphate extract; B, H2SO, extract. Ribonuclease activity 
assayed at pH 5.0. Shaded area, as in Fig. 1. 


librated at pH 6.0 with phosphate buffer and elution accom- 
plished with 0.2 m phosphate, pH 6.47. The patterns of Fig. 2 
differ markedly from each other and from those of Fig. 1. The 
phosphate extract contained a small amount of material which 
was readily eluted at the lower pH. The two other ribonuclease- 
active peaks were eluted very slowly and were widely separated 
in elution volumes. The H2SO, extract, however, exhibited but 
two activity peaks and these were eluted at different volumes 
from those of the phosphate extracts. 

Both beef and mouse pancreas were also homogenized in 0.25 

sucrose. Particles were removed by centrifugation at 105,000 
i g for 60 minutes and the clear, colored supernatant solutions 
applied directly to a column of XE-64 resin equilibrated at pH 
6.47. Elution was accomplished with 0.2 m phosphate, pH 6.47. 
As can be seen in Fig. 3, A and C, three ribonuclease activity 
peaks were obtained from either species. A comparison with 
Fig. 1A shows that a more complete separation of peaks was 
achieved with the sucrose solution than with the phosphate ex- 
tracts. Polynucleotide material was also eluted in the area of 
Peak I from the sucrose extracts. 

Recovery of Ribonuclease Activity—The procedure devised for 
the chromatographic purification of beef pancreatic ribonuclease 
by Hirs et al. (4) involves preliminary separation of material 
which is insoluble in 0.25 n H.SO, and removal of other sub- 
stances at pH 5.6 to pH 6.0. In the application of this procedure 


to mouse pancreas, ribonuclease assays were carried out at each 
step so that its effectiveness in this species could be evaluated 
quantitatively. Typical data on the ribonuclease activity of the 
various fractions are presented in Table I. Somewhat more ac- 
tivity was found in the pH 5.8 supernatant solution than in the 
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Fic. 3. Ribonuclease activity elution patterns obtained by 
chromatography and rechromatography of beef and mouse pan- 
creas extracts. A, supernatant solution from 0.25 M sucrose 
homogenate of mouse pancreas. XE-64,3.4 KX 30cm. B, @——@, 
rechromatography of Peak I from A, after dialysis against 10-3 
MEDTA and lyophilization. @---@, rechromatography of 
Peak I from A, after H.SO, treatment, dialysis, and lyophiliza- 
tion. XE-64,0.9 X 30cm. C, supernatant solution from 0.25 m 
sucrose homogenate of beef pancreas. XE-64, 1.7 X 30cm. D, 
@ @, rechromatography of peak I from C, after dialysis against 
10°? m EDTA and lyophilization. @- —- -@, rechromatography of 
Peak I from C, after H2SO, treatment, dialysis, and lyophiliza- 
tion. XE-64,0.9 X 30cm. All the columns were run at pH 6.47 
and ribonuclease activity was determined at pH 5.2. Shaded 
areas in A and C represent polynucleotide material which was not 
precipitated in the assay. 


original homogenate. ‘As will be discussed more fully below, 
this effect probably results from the inactivation of an inhibitor 
by the H-SO,. 7 

The data of Table I also show that about 60% of the nin- 
hydrin-positive material was removed in the preparation of the 
pH 5.8 extract and that only about 1% was eluted from the 
column, The material which was eluted with ribonuclease Peak 
II (Fig. 1B) might represent the enzyme protein itself or in- 
dicate extraneous substances. The latter possibility is more 
likely since the ninhydrin peaks do not coincide with the ribo- 
nuclease activity peaks and, in addition, most of this material 
could be removed by dialysis without affecting the elution vol- 
umes or activities of the ribonuclease peaks. 

Quantitative Aspects of Elution Patterns—The area under each 
peak of activity in Figs. 1, 2, and 3 was measured and is ex- 
pressed as percentage of the whole in Table II. The total RNase 
activity recovered from the various columns is also included. A 
comparison of the elution patterns from the H:SO, extract and 
the phosphate extract of mouse pancreas on chromatography 


S. R. Dickman, G. A. Morrill, and K. M. Trupin 171 


TaBLeE I 
Recovery of ribonuclease activity and ninhydrin-positive material 
from mouse pancreas homogenates in various steps of 
Hirs et al. (4) procedure 


Ribonuclease | Ninhydrin- 
Fractionation step activity, pH positive 
5.0 material 
% % 
Aqueous (pancreas) homogenate........ 100 
Sulfuric acid homogenate............... 97 100 
pH 5.8 supernatant solution............. 121 37 
Column eluates (summation)............ 93 (70)* 1.5 


* Recovery calculated from summation of individual eluates as 
percentage of total activity placed on column. 


TABLE II 


Quantitative comparison of extraction procedures and elution pH on 
ribonuclease chromatographic peak activities 

Samples were prepared as described in the text. Ribonuclease 
activity was assayed by the standard procedure at pH 5.2. The 
recovery was calculated from the summation of individual eluates 
as percentage of the total activity placed on the column. The 
values are averages of duplicate preparations. Peaks I, II, and 
III from the two pH elution studies are designated by the order of 
their elution, and do not necessarily appear at the same effluent 
volume as the corresponding peaks from the pH 6.47 elution chro- 
matography. 


Total eluted ribonu- 
clease activity 
Chromatographic Re- 


conditions covery 
Peak | Peak | Peak 
I II Ill 


Description of sample 


To % | % 


Mouse pancreas 
pH 5.8 superna- 


tant from H2SO, 
homogenate | 
pH 6.47 elution 0.5 28 | 68 |66-72* 
pH-elution 0 45 | 54 | 102 
pH 6.47 phosphate 
homogenate 


pH 6.47 elution 11 10 | 79 | 101 
pH-elution 2 27 | 71 | 114 
Sucrose homoge- 
nate superna- 
tant solution 
pH 6.47 elution 14 10 | 76 87 
Beef pancreas 
Sucrose homoge- 
nate superna- 
tant solution 
pH 6.47 elution | <1 7 | 93 90 


* Range for five columns. 


over XE-64 resin at pH 6.47, indicates a significant loss of Peak 
I and a relative increase in Peak II in the acid-treated sample. 
Peak II was also increased in the eluates from H2SQ, extracts 
which were obtained by pH-gradient elution. Recovery of 
RNase activity from HSO, extracts chromatographed at pH 
6.47 was about 70 + 5%. With pH gradient elution, however, 
recovery became quantitative. 

Quantitative data for ribonuclease activity peaks obtained 
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from 0.25 M sucrose supernatant solutions of both mouse and 
beef pancreas homogenates are also included. The relative pro- 
portions of each peak in these solutions closely resemble those of 
the phosphate extract from mouse pancreas. The beef pan- 
creas solutions, however, exhibited much less activity in the re- 
gion of Peak I and more of Peak III than did mouse pancreas. 
Rechromatography of Ribonuclease Activity Peaks—The solu- 
tions comprising Peaks I, II, or III from either mouse or beef 


III 
Effect of H2xSO, on ribonuclease activity of Peak I 


Individual tubes from the first elution peak of sucrose superna- 
tant solutions of mouse and beef pancreas were brought to 0.25 N 
H.SO, and centrifuged. These supernatant solutions were ad- 
justed to pH 5.6, centrifuged, and the supernatant solutions were 
assayed for ribonuclease activity at pH 5.2. NaSOx, solution 
(equivalent to the amount formed in the neutralization of the 
H.SO,) was added to the control tubes. 


uniis units % 
Mouse 8 0.54 1.09 202 
9 2.35 4.15 177 
10 1.15 3.45 300 
Beef 15 7.75 12.80 165 
16 3.20 9.60 300 
17 2.30 7.65 333 
18 2.75 5.45 198 
3 
> 
> 
20 
op) 
jt 
=a 
O 
ea) 
ao 
5 — 
6 8 9 


pH 


Fic. 4. Effect of pH on the ribonuclease activity of an aqueous 
homogenate of mouse pancreas. One-half millliliter of 0.3% 
RNA was incubated for 10 minutes at 37° with 0.1 ml of extract 
and 0.4 ml of buffer. 0.1 mM buffers containing 0.01% gelatin were 
used: A, acetate; M, phosphate; and @, Tris-NaCl. 
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pancreas (Fig. 3, A and C) were combined, dialyzed against 
10-3 m EDTA, pH 6, and lyophilized. The residues were dis- 
solved in H.O and rechromatographed over XE-64 resin with 
0.2 m phosphate, pH 6.47, as eluent. The elution patterns ob- 
tained from the rechromatography of Peak I are presented in 
Fig. 3, B and D, for mouse and beef, respectively. Mouse pan- 
creas extracts contained considerably more of the total ribonu- 
clease activity as Peak I than did the beef. The data for both 
species show some separation of Peaks II and III on the rechro- 
matography of Peak I. This might be due to contamination of 
Peak I material by Peaks II and III on the one hand, or result 
from the conversion of Peak I to Peaks II and III on the other, 
Such a conversion might be caused by the necessary manipula- 
tions of the solutions between the chromatographies or by the 
resin itself. The former possibility is considered less likely since 
dialysis of sucrose supernatant solutions obtained from mouse 
pancreas did not alter the proportions of the three peaks com- 
pared to nondialyzed controls. Aqvist and Anfinsen (13) have 
recently suggested that this resin has altered the properties of 
certain ovine ribonucleases. 

If an aliquot of Peak I was brought to 0.25 n H.SO, and then 
adjusted to pH 5.8 and centrifuged before the dialysis step in 
the rechromatography procedure, Peak I was completely absent 
and Peaks II and III appeared in similar proportions to that 
found in acid-treated extracts. 

In addition to this conversion, the H.SO, treatment of Peak 
I also resulted in a considerable increase in the total ribonuclease 
activity of the solution. Data for individual tubes from Peak I 
of mouse and beef pancreas are included in Table III. The 
H.SO.,-treated solutions were adjusted to pH 5.8, centrifuged, 
and diluted with 0.2 m phosphate, pH 6.47, before assay. In 
order to avoid complications due to differences in ionic strength 
in these assays, the controls were diluted with an equivalent 
volume of N Na2SQ, before the final dilution with phosphate 
buffer. Under these conditions the assays were conducted at 
pH 5.2. These results demonstrate that the previously re- 
ported activation (6) of supernatant solutions by HSQ, treat- 
ment is due to the dissociation of acidic material from ribonucle- 
ase Peak I and its conversion to Peaks II and III. Furthermore, 
this effect is not restricted to mouse pancreas since beef Peak 
I responded similarly to acid treatment. 

It might also be mentioned that rechromatography of Peaks 
II and III, either with or without acid treatment, did not increase 
their ribonuclease activity nor alter their elution volumes. 

RNase pH Optimum—Crystalline beef pancreas RNase was 
shown by Kunitz (14) to exhibit optimal hydrolytic activity 
against yeast ribonucleic acid in the range pH 7.6 to 7.8. The 
pH-activity curve of an aqueous extract of mouse pancreas is 
shown in Fig. 4. The curve exhibits a distinct optimum in the 
same range as the beef pancreas enzyme. There was no indi- 
cation of a second RNase with an optimum at pH 5.0, as has 
been found in liver (15). In addition, pH-activity measure- 
ments were made on solutions from the peak tubes of Peaks I, 
II, and III which were obtained by chromatography of a 0.25 M 
sucrose supernatant solution of mouse pancreas homogenate (6). 
Phosphate buffer was utilized in the range pH 7.2 to 8.2 ata 

nal ionic strength of 0.1 (16). Under these conditions maxi- 
mum activity was obtained at pH 7.6 with all three fractions as 
well as with Peaks A and B from crystalline beef pancreas ribo- 
nuclease. 

pH-Activity Ratios—Different preparations of a homogeneous 
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enzyme should exhibit a constant ratio of activity at different 
pH values. Likewise, differences in structure between two forms 
of an enzyme which catalyze the same reaction, might result in 
differences in pH-activity ratios. To study these questions ri- 
bonuclease activities were determined at both pH 5.0 and pH 
7.5 on the same solutions. The data of Table 1V demonstrate 
wide differences among various peak fractions with respect to 
this enzyme parameter. Peak I from either mouse or beef pan- 
creas exhibits a pH 7.5/pH 5.0 ratio of 45 to 47 whereas Peaks 
II and III show ratios of 12 and 23, respectively. The wide 
variation in the individual tubes comprising Peak II indicates 
considerable heterogeneity. The pH-activity ratio obtained 
with mouse pancreas Peak III is very similar to that of beef 
ribonuclease A even though the two differ markedly in their 
chromatographic elution characteristics. Acid treatment of beef 
Peak I decreased the ratio to that of ribonuclease A. This 
change is consistent with the alteration of its elution pattern 
after acid treatment (Fig. 3D). Apparently the acidic material 
associated with the enzyme in Peak I decreases the affinity of 
the ribonuclease protein for its polyanionic substrate at pH 5. 
It is also of interest in this connection that ribonuclease B, which 
contains a component that possesses one less basic group than 
ribonuclease A, exhibits a lower ratio than its more basic coun- 
terpart. This similarity is also evident between mouse Peaks 
II and ITI. 

Specificity—Crystalline beef pancreatic ribonuclease specifi- 
cally hydrolyzes secondary phosphate esters of pyrimidine nucle- 
oside 3’-phosphates (17). As first shown by Kunitz (14) yeast 
ribonucleic acid is not completely degraded by the enzyme and 
the resistant residue has been termed ‘‘core”’ (18). Kaplan and 
Heppel (19) observed that this ‘‘core’’ was hydrolyzed by a phos- 
phodiesterase obtained from calf spleen. Mouse pancreas ho- 
mogenate was incubated with ‘core’ under conditions of opti- 
mum activity as determined for the spleen enzyme. As shown 
in Table V, only trace amounts of activity were detected. Mouse 
pancreas homogenate, therefore, exhibits a specificity similar to 
that of crystalline beef pancreas ribonuclease. 

Proteolytic Activity in Pancreas—Since pancreas also contains 
a number of proteolytic enzymes, the possibility that proteolytic 
activity might alter the elution pattern of mouse pancreas ribo- 
nuclease was considered. An aqueous homogenate of a single 
mouse pancreas contains proteolytic activity equivalent to 300 
to 400 wg of crystalline trypsin (Table VI). However, the addi- 
tion of one-third volume of N H2SOx,, followed by adjustment of 
the solution to pH 5.8, removed all measurable trypsin activity. 
Since no difference was evident in the chromatographic elution 
patterns of ribonuclease prepared from fresh mouse pancreas 
homogenized directly in 0.25 n H.SO, and that homogenized in 
water and allowed to stand for 6 hours at room temperature be- 
fore the addition of H2SQ,, it is considered that proteolysis has 
little effect on the elution curves. 


DISCUSSION 


The observation that sucrose or phosphate extracts of mouse 
or beef pancreas exhibit three peaks of ribonuclease activity 
after chromatography over the cation exchange resin IRC-50, 
whereas H.SO,-treated extracts exhibit only two such peaks, 
raises the interesting question of the physiological significance of 
Peak I. One might ask, is Peak I an artifact caused by the 
homogenization and mixing of intracellular constituents which 


*T. P. King, personal communication from Dr. L. C. Craig. 
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TAaBLe IV 


Ribonuclease pH-activity ratios of mouse and 
beef pancreas preparations 
Ribonuclease assays at pH 5.0 and pH 7.5 (8) were run on solu- 
tions from Peaks I, II, and III and the pH 5.8 supernatant solution 
from mouse pancreas, and Peak I, ribonucleases A and B, and erys- 
talline ribonuclease from beef pancreas. 


Mouse pancreas 

H.SO, extract, pH 5.8 supernatant 

Beef pancreas 7 

Peak I, acid treated................. 1 23 

Ribonuclease B...................... 2 18 

Crystalline ribonuclease (Armour)...| 25 25.3 + 1.8 


* These figures demonstrate the range of the ratios from in- 
dividual tubes comprising the peak. 


TABLE V 
Comparison of nuclease activities 
All values are relative to the activity of a purified spleen phos- 
phodiesterase preparation containing 53 units per mg of protein 
(9). Activity of mouse pancreas is stated in absorbancy units 
per 15.1 mg of tissue (wet weight). 


H 6.5 H 7.5 : 
unils units units 
ne 10 2.6 0 
Mouse pancreas............... 12.6 1.6 904 
Beef pancreas crystalline ribo- 
TaBLe VI 


Proteolytic activity in mouse pancreas extracts 


The following samples were used: Sample A, a mouse pancreas 
homogenate, 140 mg of tissue per 3.0 ml of demineralized H.O, 
stored for 6 months at —10°, 0.1 ml used in assay; sample B, a 
fresh mouse pancreas homogenate, 136 mg per 3 ml of H.2O, and 
treated by the method of Hirs et al. (4). In the assay 0.1 ml of 
each sample was used. 


Enzyme source Ax Tryptic activity 
ug/100 mg 
pancreas 
10 wg crystalline trypsin............... 0.060 
Mouse pancreas (sample A)............ 0.109 404 
Mouse pancreas (sample B) 
1. Aqueous homogenate.............. 0.086 322 
2. Solution B-1 brought to 0.25 N 
H.2SO,, centrifuged................ 0.170 630 
3. pH 5.8 supernatant............... 0.004 <5* 


* Assay sensitive to 5 ug of crystalline trypsin. 
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normally have no opportunity to interact; or does it occur as Doctorman Packing Company for generous supplies of beef 
pancreas. 


such in the pancreatic cells? Any hypothesis which attempts to 
answer this question should be in accord with the following ob- 
servations: (a) The large difference in the proportion of Peak I 
in mouse and beef pancreas extracts. (b) The occurrence of 
Peak I solely in the supernatant solutions of both species. (c) 
The presence of approximately equal amounts of Peak I in 
phosphate buffer and sucrose homogenates of mouse pancreas. 
(d) The partial conversion of Peak I to Peaks II and III on 
rechromatography. (e) The increase in ribonuclease activity on 
treatment of Peak I with HSO,. This finding suggests that a 
physiological control mechanism such as an enzyme-inhibitor 
complex, or a zymogen type of enzyme is involved. In this 
connection it might be mentioned that preliminary data which 
suggest that beef and mouse pancreas extracts contain a ribo- 
nuclease inhibitor have been obtained in this laboratory. Fur- 
ther work on the isolation of this material is in progress. 


SUMMARY 


Phosphate or sucrose extracts of mouse and beef pancreas 
exhibit ribonuclease activity which can be separated into three 
activity peaks on chromatography over XE-64 resin at pH 6.47. 
Peak I comprises 10 to 15% of the total activity in sucrose ex- 
tracts of mouse pancreas and approximately 1% from _ beef 
pancreas. 

Sulfuric acid extracts of pancreas exhibit but two of these 
peaks. It has been found that acid treatment of Peak I con- 
verts it to a mixture of Peaks II and III. In this conversion the 
ribonuclease activity of the solution increases two to three fold. 
The physiological significance of these findings is discussed. 


Acknowledgments—We wish to thank Mr. N. Levine and the 


I 


REFERENCES 


. G. A., Dickman, R., Federation Proc., 16, 


223 (1957). 


. Morri.u, G. A., Thesis, University of Utah, 1958. 
. Norturop, J. H., Kunitz, M., anp Herriort, R. M., Crys- 


talline enzymes, 2nd edition, Columbia University Press, 
New York, 1948, p. 98. 

Hrrs, C. H. W., Moors, S., anp Stein, W.H., J. Biol. Chem., 
200, 493 (1953). 


. Dickman, 8S. R., anp MorriLu, G. A., Ann. N. Y. Acad. Sci., 


81, 585 (1959). 


. Dickman, 8S. R., anp Trupin, K. M., Biochim. et Biophys. 


Acta, 30, 200 (1958). 


. Hirs, C. H. W., in 8S. P. Cotowick anp N. O. KapuLan (Edi- 


tors), Methods in enzymology, Vol. I, Academic Press, Inc., 
New York, 1955, p. 113. 


. Dickman, S. R., AnosKaR, J. P.,anp Kropr, R. B., Biochim. 


et Biophys. Acta, 21, 539 (1956). 


. Hepre., L. A., HILMog, R. J., in P. CoLowick anp 


O. Kapitan (Editors), Methods in enzymology, Vol. II, Aca- 
demic Press, Inc., New York, 1955, p. 565. 


. Anson, M. L., J. Gen. Physiol., 22, 79 (1938). 
. Yeo, E. W., anv Cock1na, E. C., Analyst, 80, 209 (1955). 
. Hirs, C. H. W., Stein, W. H., Moore, S., J. Biol. Chem., 


211, 941 (1954). 


. Agvist, S. E. G., anp ANFINSEN, C. B., J. Biol. Chem., 234, 


1112 (1959). 


. Kunitz, M., J. Gen. Physiol., 24, 15 (1940). 

. Rotu, J.8., J. Biol. Chem., 208, 181 (1954). 

. Green, A. A., J. Am. Chem. Soc., 65, 2333 (1933). 

. MarxuaM, R., AND Situ, J. D., Biochem. J., 52, 558 (1952). 
. ZAMENHOF, S., AND CHarGaFF, E., J. Biol. Chem., 178, 531 


(1949). 


. H. S., anp Heppet, L. A., J. Biol. Chem., 222, 907 


(1956). 


= 
10 
12 
14 p 
15 tl 
16 
18 CC 
1 
(J 
b: 
he 
Ol 
al 
pl 
he 
W 
ta 
st 
2 
tr 
sl 
fo 
la 
W 
of 
E 
of 
sa 
pr 


2). 


THe JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 1, January 1960 
Printed in U.S.A. 


Biochemical Studies of Lysogeny* 


Roy P. Mackau, Ray KopretMan, Timmons, E. A. Evans, JR. 


From the Department of Biochemistry, University of Chicago, Chicago, Illinois 


(Received for publication, July 17, 1959) 


Since most of our information concerning the chemistry of 
bacteriophage replication has been derived from study of the 
virulent phages, it was of interest to examine the comparable 
processes with the temperate phage, lambda (A), which lyso- 
genizes Escherichia coli strain K12X. In this system, in which 
viral replication is induced by ultraviolet light, the following 
aspects have been studied: (a) the origin of the deoxyribonucleic 
acid of the viral progeny; (b) the behavior of host ribonucleic 
acid during induction; (c) the distribution of phosphorus among 
the constituents of the host before and after induction; (d) the 
composition of the acid-soluble components of the host cell after 
induction. In addition, since can cause a virulent infection 
in E. coli strain W-1485, a comparison was made between the 
properties of the virus obtained under these circumstances and 
those of the virus originating from K12)X after ultraviolet induc- 
tion. No difference in the virus produced under these various 
conditions could be detected by the methods used. 


EXPERIMENTAL 


Virulent Replication of \ in E. coli W-1485—Lambda (A) virus 
was prepared from E. coli W-1485! by a confluent lysis technique 
(1). Phage particles (0.5 to 1 * 105) were mixed with 2 x 108 
bacteria in 3 ml of 0.8% tryptone agar and plated. After 18 
hours at 37°, 5 ml of m/15 sodium phosphate buffer, pH 6.8, 
containing 5 g of NaCl per liter and 10-* m MgSO, were added to 
each plate, and the plates were agitated gently for 45 minu 
on a platform shaker.? The supernatant fluid was poured off 
and each plate was extracted again with 3 ml of the buffer and 
10 to 15 minutes’ agitation. The combined extracts from 100 
plates were centrifuged for 30 minutes at 25,000 xX g in an angle 
head centrifuge and the pellets obtained were extracted once 
with a small volume of the buffer. The combined supernatants 
were centrifuged 150 minutes at 35,000 x g, and the superna- 
tant was discarded. The pellets thus obtained were allowed to 
stand overnight in the buffer, resuspended, and centrifuged for 
20 minutes at 5,000 x g. The sedimenting material was ex- 
tracted once with a small volume of buffer, and the combined 
supernatant fluids were centrifuged 4 hours at 20,000 x g. This 
cycle of low and high speed centrifugation was repeated at least 
four times; in each cycle the volume was decreased, and in the 
last two cycles the initial low speed pellet was discarded. The 


* Aided by grants from the National Foundation and the Dr’ 
Wallace C. and Clara A. Abbott Memorial Fund of the University 
of Chicago. 

1 We are indebted to Professor Joshua Lederberg for the strains 
E. coli W-1485 and K12y. 

2 In earlier experiments extraction was carried out by agitation 
of the agar layers in a Waring Blendor. This means proved un- 
satisfactory since bacterial flagellae were present in resulting virus 
preparations with 8s’29 values as shown in Table II. 


preparations thus obtained assayed 1 to 2 x 10" X particles per 
ml. 

Preparation of by Ultraviolet Induction in E. coli K12—The 
growth medium used was basically that of Gray and Tatum (2), 
to which trace elements were added according to Horowitz and 
Beadle (3), and amino acids (in accordance with the experience 
of Gots and Hunt (4)). This medium had the following com- 
position, in g per liter: ammonium chloride 5, ammonium ni- 
trate 1, monobasic potassium phosphate 1, dibasic potassium 
phosphate 3, magnesium sulfate (7H.O) 0.1, sodium sulfate 2, 
glucose 5, L-asparagine 1.5, pt-leucine 0.5, pL-isoleucine 0.5, DL- 
valine 0.5, thiamine hydrochloride 0.001. In addition, the 
following trace elements were added, in mg per liter: sodium 
chloride 20, calcium chloride 20, cupric chloride (2H.O) 0.11, 
ferric chloride (6H2O) 0.97, manganese dichloride (4H.O) 0.07, 
zine chloride 4.2, sodium tetraborate (10H2O) 0.09, and ammo- 
nium paramolybdate (4H2O) 0.11. This medium is referred to 
subsequently as modified Gray and Tatum medium. Since even 
a slight yellowing of the medium interferes seriously with ultra- 
violet induction, glucose was autoclaved separately and added 
to the remainder of the medium before inoculation. The bac- 
teria were grown in 4 liters of this medium, with vigorous aera- 
tion, to a concentration of 1 to 2 X 10® cells per ml. Then, by 
means of the apparatus shown in Fig. 1, the cell suspension was 
passed through a quartz tube (inside diameter, 6 mm and flow 
rate, 1 liter per 7 minutes) for ultraviolet irradiation and was 
aerated at 37° until lysis was complete. For about 2 hours after 
irradiation, the turbidity of the culture increases, at which time 
lysis begins and continues for 14 hours. At this time the A titer 
is maximal and if aeration is continued the number of infective 
centers decreases. 

Subsequent purification of the virus was accomplished in the 
manner already outlined for the virus obtained by confluent 
lysis. Purified preparations of virus in phosphate buffer pH 7, 
from both ultraviolet induction and confluent lysis, were homo- 
geneous in the ultracentrifuge and had infectivities ranging from 
5 to9 X 10-" wgof N per infective unit and from 1 to2 x 10-" 
ug of P perinfective unit. The course of events ina typical ultra- 
violet induction of E. coli K12X is shown in Fig. 2. Immedi- 
ately after irradiation 95% of the cells are no longer viable. 
The efficiency of induction ranges from 70 to 98%, and the final 
titer of \ in the lysate varies from 0.5 to 2 X 10?° infective cen- 
ters per ml. 

The effect of omitting leucine, isoleucine, and valine from the 
induction medium is shown in Table I. Although the culture 
shows normal turbidity changes (Fig. 2), the yield of virus per 
bacterial cell is markedly reduced. 

For studies on the origin of virus P, radioactive P® as PO,* 
(0.5 me per liter) was introduced into the collection reservoir so 
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Fic. 1. Apparatus for ultraviolet (U.V.) induction of large 


quantities of coli K12nx. 
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Fic. 2. Changes in £. coli K12d after ultraviolet induction in 
modified Gray and Tatum medium. The turbidity (W——Y, cul- 
ture in reservoir; O——O, culture in growth flask) was measured 
at 400 my in a Coleman colorimeter. 
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TABLE I 
Effect of removing nutrients during induction of E. coli K12x 


Viable 


| Induc- cells Burst 


Turbidity Latent 


Induction medium 


tion irradi-| changes period 
ation 
% % min. 
Gray and Tatum.......... 50 6 7 | Normal 105 


Gray and Tatum, with 
amino acids and aspara- 
gine added immediately 


after irradiation......... 70 6 35 | Normal 85 
Gray and Tatum, with 

amino acids and aspara- 

gine added before irra- 

80 3 35 | Normal 90 


that the bacterial cells were exposed to a constant level of radio- 
activity a few seconds after induction. This was done by al- 
lowing the induced culture to flow into an empty aeration reser- 
voir at a constant rate simultaneously with the addition, also 
at a constant rate, of an aqueous solution containing the radio- 
active phosphorus. Mixing was accomplished by aeration. 

For the preparation of the acid-soluble fraction, 30 liters of 
induced culture were chilled in an ice bath 45 minutes immedi- 
ately after induction and concentrated in a Sharples supercentri- 
fuge. Preparation of the acid-soluble extract and its chromato- 
graphic analysis was accomplished with a Dowex 1-X10 column 
and formic acid, ammonium formate for elution, according to 
Hurlbert et al. (5). Further purification and analysis were car- 
ried out as described by O’Donnell et al. (6). 

The distribution of P® in bacterial cells and in purified virus 
preparations was determined by a modified Schneider and 
Schmidt-Thannhauser procedure (7, 8). P was measured by 
the Gomori modification of the Fiske and SubbaRow method 
(9). Radioactivity was measured by count of 1 ml wet samples 
in a thin window Geiger-Muller counter. N was measured by 
the micro-Kjeldah] method (10). 

For assays of A, E. coli W-1485 was grown overnight with 
shaking in 0.8% tryptone broth containing 0.5% NaCl, to a 
concentration of approximately 2 x 10° cells per ml. Of this 
suspension 0.1 ml was added to 3 ml of melted 0.8% tryptone 
agar at 45°, immediately before the samples were plated over 
a base layer of 20 ml of 2% tryptone agar. As soon as the plat- 
ing agar hardened, the plates were incubated at 37° for 15 to 20 
hours. Under these conditions, plaque counts were maximal, 
and linear with respect to dilution. Addition of bacteria to the 
plating agar 20 minutes or more before plating, allowing plates 
to stand at 25° for 30 minutes or more after plating, or use of 
actively growing bacteria, results in an erratic decrease of plaque 
count. 


RESULTS AND DISCUSSION 


Physical and Chemical Characterization of \—Since i can be 
produced either by ultraviolet induction from lysogenized K12X 
or from virulent infection on E. coli W-1485, it was of interest 
to compare purified virus obtained by the two methods. Since 
no detectable differences were found, the following statements 
apply to purified virus preparations from both sources. 

Stability—The stability of \ virus in a variety of buffers and 
salts at various pH values was determined. In m/15 tris(hy- 
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Fic. 3. pH stability of \ bacteriophage in phosphate buffers. 


TABLE II 
Sedimentation constants of bacteriophage 
ysis 
M-3 288 .9 Ko; 294.5 199.4 
M-4 304 .2 Ko; 260.5 169.2 
p32 301.4 Koy 252.3 156.0 
p22 285.8 K3o 327.4 175.8 
Average 295.1 283 .7 175.1 


4 See footnote 2 in the text. 


droxymethyl)aminomethane buffer containing per liter 5 g of 
NaCl and 1 mmole of MgSO, at pH 7, purified virus was most 
stable, losing 35% of its infectivity after 20 days at 3°. In 
mM/15 phosphate buffer, pH 7, containing per liter 5 g of NaCl 
and 1 mmole of MgSO,, the virus was slightly less stable, losing 
55% of its infectivity in 20 days. In m/30 Veronal buffer, pH 7, 
containing per liter 5 g of NaCl and 0.1 mmole of MgSQ,, and in 
Ringer’s solution, it was more rapidly inactivated (90 and 94%, 
respectively in 20 days). 

Fig. 3 shows the dependence of infectivity of X on pH. The 
virus was suspended at 3 X 10° particles per ml in phosphate 
buffers as described above, ranging from pH 2 to 11. The sus- 
pensions were left at 23° for 4 weeks. At suitable intervals they 
were assayed for viable phage and the pH measured. The virus 
exhibits the usual response with the greatest stability between 
pH 6 and 7. There was no difference between the stability of 
\ from induction of K12A and A from confluent lysis on W-1485. 

Ultracentrifugal Characteristics of \ Virus—Sedimentation con- 
stants were measured in a number of purified virus preparations 
in the Spinco ultracentrifuge, model E, in the phosphate buffer 
described at pH 7. The results are shown in Table II. From 
the s’% values of the virus particles from both sources it is clear 
that they are alike as far as ultracentrifugal behavior is con- 
cerned. 

Electron Microscopy of \ Virus—Purified virus preparations 
were diluted to 10® particles per ml and air dried on collodion- 
covered grids. The samples were shadowed with chromium and 
observed in the RCA type EMU-3 electron microscope at vari- 
ous magnifications. Table III shows dimensions corrected for 
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TaB_e III 
Dimensions of lambda bacteriophage* 


From induction | From induction | From confluent 
Experiment I Experiment II ysis 
my my mp 
Head width........... 44 44 44 
Head length.......... 54 41 40 
Tail width............ 15 7 11 
Tail length............ 148 139 142 


“ All dimensions are corrected back to frozen dried taking air 
dried T2r+ preparations for comparison with frozen dried T2rt 
values obtained by Anderson (11). 


A 


Fic. 4. Electron micrograph of virus and bacterial flagellae. 


“Magnification about 20,000 


comparison with frozen dried preparations of T2r+. Compari- 
sons were also made against latex balls 2500 A in diameter. All 
values are averages of five independent measurements from the 
photographic plates. It is to be noted that the dimensions are 
almost identical with those for Tl (12). In Fig. 4 is shown an 
electron microscope picture of a partially purified preparation 
of virus obtained by confluent lysis, showing the flagellae which 
are isolated with the virus if a Waring Blendor is used to ex- 
tract the agar. It is clear that as to size and shape there is no 
significant difference between X» from confluent lysis and that 
from induction. 

Origin of Viral Phosphorus after Inductton—In order to as- 
certain the relative contribution of host cell and medium to the 
viral progeny in the production of temperate phage from pro- 
phage, an aqueous solution of P*-phosphate was delivered into 
an induced culture of K12\ at a constant rate as described 
above. Bacterial samples were withdrawn at suitable intervals 
for determination of phosphorus distribution and radioactivity. 
The virus obtained from the terminal sample was purified to 
constant radioactivity and then analyzed. Table IV shows the 
distribution of phosphorus in E. coli K12X before and after in- 
duction, together with the phosphorus distribution in purified X. 
Lysis begins after 120 minutes and continues for about another 
2 hours. As shown in Figs. 5 and 6, the amount of the RNA 
and ‘its specific activity continue to increase, with the latter 
being approximately 13% of the medium activity as lysis com- 
mences. The quantity of DNA present increases more slowly, 
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TaBLe IV 


Distribution of phosphorus in E. coli K12 before and after 
induction and in lambda bacteriophage* 


Nonir- 
Induced K12 
Type of phosphorus Lambda 
0 | 2] 3 | 18 | 33 | 6 | 100 
min. | Min, | Min. | Min, | Min. | Min. | Min 
% 
Acid-soluble............. 36 .9/26.1/32.7|33 9.6 
Alcohol-soluble.......... 3.8] 3.6) 4.4) 3.2) 1.9) 2.1) 3.4 
10.1} 8.1/10.6) 8.0} 8.2) 8.8) 9.0) 80.9 
Phosphoprotein.......... 3.2) 2.5) 3.3) 3.0) 2.3) 1.9) 1.4, 1.9 


* The data were obtained from single experiments in which 
suitable quantities of bacteria were removed, for phosphorus 
fractionation, before or after ultraviolet irradiation of the culture. 
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Fic. 5. Specific P* radioactivity of bacterial fractions after ul- 
traviolet induction in modified Gray and Tatum medium. 


but the terminal specific activity is 16% that of the medium. 
The total amount of acid-soluble material increases slightly in 
amount whereas its specific activity shows a sharp increase 
and then remains constant. The alcohol-soluble phosphorus 
shows little change in amount, although an increase in incor- 
poration of radioactive phosphorus is observed before lysis. 

The distribution of phosphorus in K12X before and after in- 
duction is identical within experimental error, and there are no 
large shifts of total phosphorus from one fraction to another 
(Table IV and Fig. 6). These results are in marked contrast to 
the behavior observed with virulent infection with the T phages. 
Experiments with T6, T2, T4, and T7 (13-17) have indicated 
that there is almost complete utilization of host DNA for viral 
synthesis, although this is presumed to be broken down to 
smaller fragments before being used. With the T-even virulent 
phages, in which the quantity of bacterial DNA is insufficient 
to supply the viral DNA and in which, in addition, the synthesis 
of 5-hydroxymethylcytosine for viral DNA must also occur, 
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a- BACTERIA 
v-RNA FRACTION 

8 - ACID SOLUBLE 
O-DNA FRACTION 

@ - ALCOHOL SOLUBLE 


BACTERIAL P IN pgPER ML OF CULTURE 


40 60 80 100 
TIME IN MINUTES 
Fic. 6. Total P distribution of bacterial fractions before and 

after ultraviolet induction in modified Gray and Tatum medium. 

The curves connecting points at 0 and 26 minutes refer to nonir- 

radiated K12; those connecting points from 3 to 100 minutes refer 

to induced K12 (cf. Table IV). 
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Fic. 7a (upper). The chromatographic separation of the acid- 
soluble fraction from 10 liters of ultraviolet-indueced K12\. In 7b 
(lower) the white area indicates the approximate absorbancy due 
to solvents. 
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TABLE V 


Identification of (and analytical data for) components of acid-soluble 
fraction of ultraviolet-induced E. coli K12x 


Rp in | Rr in| Max. | Max. 
Frac- |solvent|solvent| base | base | 
tion | system |system| 0.1N | 01N| 2/8 
| HCl |NaOH| | 
my my 
Hypoxanthine........ I 0.57 247 =| 260 
Xanthosine.......... I 0.33 267 | 276 
Adenine.............. I 0.88 263 | 268 
Adenosine............ I 0.72 257 | 260 
Adenosine monophos- 

II 0.37 | 0.23 | 258 | ° (1.01 
Adenosine diphos- 

Adenosine _ triphos- 

g 0.36 | 257 | 260 3.18 
Adenosine-X......... IX 0.32 | 257 | 260 2.34 
Guanine............. I 0.58 247 | 274 
Guanosine........... I 0.33 256 | 263 
Guanosine mono- 

phosphate.......... a 0.38 | 256 | 269 
Re eae I 0.42 262 | 261 
Uridine monophos- 

c 0.68 | 262 | 261; /|1.08 
Uridine diphosphate. .| g 0.67 | 262 | 261 2.24 
Uridine diphosphate- 

VIII 0.70 | 262 | 261 1.83 
Uridine-X............ xX 262 | 261 
Deoxyuridine mono- 

phosphate.......... d 0.61 | 262 | 261 | © (1.04 
I 0.32 250 | 251 
Thymidine mono- 

phosphate.......... c 0.52 | 267 | 267); © {1.01 
Orotic acid...........) d 0.23 2804 | 286 
Cytidine monophos- 

I 0.28 278 | 272 1.02 


« Solvent system 1 according to Magasanik et al. (18); solvent 
system 3 according to Markham and Smith (19). 

Ribose present. 

Positive diphenylamine reaction. 

4 pH 6. 


there is a corresponding synthetic utilization of the components 
of the medium. With T7, in which the quantity of bacterial 
DNA is sufficient to supply viral DNA, there is practically no 
utilization of medium phosphorus for viral replication. In spite 
of the fact that the quantity of bacterial DNA in K12) is ap- 
proximately twice that required for the DNA of A, and also 
there is no necessity for the synthesis of new components of 
viral nucleic acid, no more than one-third of the viral-P could 
come from the bacterial DNA with two-thirds of the viral phos- 
phorus coming from the medium. The behavior of bacterial 
RNA is also different from that observed in a virulent infection 


* Calculated as follows. Bacterial phosphorus content is 1 X 
105 ug per cell and about 10% of bacterial phosphorus is in the DNA 
(Table IV). One phage particle contains 1.3 & 10°" yg P and an 
average burst size is 35 (Table I). Hence the ratio 


1x 10° 0.10 
~ 35 & 1.3 X 10-8 


bacterial DNA-P 


phage DNA-P 
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TaBLeE VI 
Specific P* activity of nucleotides of acid-soluble fraction of 
ultraviolet-induced E. coli 


Ab- 
sorbed 
on 
charcoal 
Fraction Ultra- Spee Identity 
violet- 
absorb- 
ing com- 
pou 
% c.p.m./ug P 
II 92 146 Adenosine monophosphate 
d 100 75 Adenosine diphosphate 
XIII 89 105 Adenosine triphosphate? 
IX 79 101 Adenosine-X 
a Guanosine monophosphate 
c 100 162 Uridine monophosphate 
VIII 93 65 Uridine diphosphate-X 
X 71 201 Uridine-X 
d 100 91 Deoxyuridine monophosphate 
b Inosine monophosphate 
c 100 153 Thymidine monophosphate 
I 100 159 Cytidine monophosphate 
e 64 89 
f 12 109 
h 82 
XV 71 
i 18 
Nonul- 
traviolet-| 
absorb- 
ing com- 
pounds 
% 
III 14 55 
IV 0 132 
V 10 123 
VI 5 188 Orthophosphate 
Vil 2 173 
XI 9 181 
XII 69 151 Pyrophosphate 
XIV 56 
Medium 186-211 


« Traces of uridine diphosphate present. 


where only a rapid and transitory incorporation of phosphate 
occurs. 

To examine the possibility that viral DNA may be synthe- 
sized from the components of the acid-soluble fraction, the com- 
position of this fraction of K12X after induction was also ex- 
amined (a comparative analysis of the acid-soluble component 
during virulent infection with bacteriophage T2r has been pre- 
viously reported by O’Donnell et al. (6)). The chromatographic 
separation of this fraction is shown in Fig. 7. Like the phos- 
phate distribution, the composition of the acid-soluble fraction 
of induced K12X shows little change from that of the nonin- 
duced cell. Since the specific activity of the P of the viral DNA 
is considerably higher than that of the whole acid-soluble frac- 
tion, it is clear that the latter must be heterogeneous if it is to 
account for the radioactivity of the viral DNA. Results of the 
detailed analysis of the fraction are outlined in Tables V and 
VI. The results show that four of the mononucleotides and an 
unknown compound which contains uridine but which was in- 


b 
: 


sufficient in quantity to permit further analysis (uridine-X) had 
a specific activity comparable to that in the purified viral DNA- 
P. However, the specific activities of the di- and triphosphate 
fractions are such that they also might be incorporated into 
viral DNA if the secondary and tertiary phosphate atoms were 
nonradioactive. It is of interest that deoxyuridine monophos- 
phate is present (as had been previously reported for T2-infected 
cells) since comparable amounts have not been found in unin- 
duced K12\. The absence of appreciable quantities of deoxy- 
mononucleotides is also noteworthy since these are found in 
infected virulent systems (6). The enzymatic synthesis of 
DNA described by Bessman et al. (20) and Lehman et al. (21) 
requires the presence of the triphosphates of deoxy nucleotides. 
If the di- and triphosphates found in the acid-soluble fraction 
are involved in such a reaction, they must be converted first to 
corresponding deoxy compounds and further must contain all 
of their radioactive phosphorus in the primary phosphate. 
There is of course no evidence that such an enzyme mechanism 
is operating in this system. 


SUMMARY 


1. The physical characteristics of \ virus obtained from ultra- 
violet induction of Escherichia coli K12\ have been compared 
with those of \ virus obtained by infection of the sensitive host 
E. coli W-1485. No significant differences were observed, and 
it has been concluded that the present evidence supports the 
view that the \ virus from virulent infections is identical to that 
produced by ultraviolet induction of a lysogenic strain. 

2. The origin of viral phosphorus in ultraviolet-induced cul- 
tures of E. coli K12X has been studied. About two-thirds of 
the viral deoxyribonucleic acid-P is derived from the medium 
after ultraviolet induction. It appears that synthesis of virus 
components from the medium is necessary, a finding which is 
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in contrast to results obtained with smaller virulent phages such 
as T3 and T7, parasitizing E. col B. 

3. The acid-soluble fraction of the ultraviolet induced culture 
has been analyzed for its purine- and pyrimidine-containing 


constituents. 
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A coenzyme form of pseudovitamin Biz was recently reported 
(1) which is active in the conversion of glutamate to 6-methyl- 
aspartate and mesaconate by cell-free extracts of Clostridium 
tetanomorphum according to the following equations: 


COO- COO- -OOC—CH 
b_coo- 
_ ct 
He I CH—COO ll H; 
H2 CH; 
Glutamate B-Methylaspartate Mesaconate 


Reaction I converts glutamate, a straight chain C; compound, 
to B-methylaspartate (2), a branched chain C; amino acid. This 
reaction probably requires more than one enzyme. Reaction II, 
catalyzed by the enzyme #$-methylaspartase (3), deaminates 
B-methylaspartate to mesaconate, an unsaturated dicarboxylic 
acid. 

During an exploratory study of the cofactor requirements for 
ammonia formation in this system, treatment of a crude cell- 
free extract with charcoal was found to result in loss of ability 
to form ammonia from glutamate. Addition of boiled crude 
extract to the charcoal-treated extract restored the ability to 
form ammonia. Since the decomposition of 6-methylaspartate 
in Reaction II was not affected by charcoal treatment of the 
extract (2, 3), the function of the cofactor could be localized in 
Reaction I. <A further study of the cofactor led to the conclusion 
that it is an organic compound but not one of the known co- 
enzymes. Consequently the properties of the compound were 
investigated in some detail. This paper describes the assay, 
purification and properties of the cofactor, which was previously 
identified (1) as a coenzyme form of pseudovitamin By (a- 
adenyleobamide). Since other cobamide coenzymes are pro- 
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duced by C. tetanomorphum under appropriate conditions (4), 
we shall refer to this particular compound as the adenylcoba- 
mide! coenzyme. 

EXPERIMENTAL METHODS 


Culture Methods—Strain H1 of C. tetanomorphum was used 
both for the preparation of the apoenzyme system converting 
glutamate to mesaconate and for the isolation of adenyleobamide 
coenzyme. 

Bacteria used for enzyme preparations were grown in the 
yeast extract-glutamate medium previously described (3). Usu- 
ally 0.1 m sodium glutamate and 0.4% yeast extract (Basamin, 
Anheuser-Busch) were used. 

Bacteria used for the isolation of coenzyme were grown in a 
modified medium to reduce the cost and increase the yield of 
coenzyme. The following procedure was used for preparation 
of 160 liters of culture medium distributed among eight 20-liter 
bottles. The procedure is designed to give a good yield of co- 
enzyme rich cells in a laboratory lacking facilities for autoclaving 
20-liter bottles. 


Solution A Yeast extract (Basamin) 500 g 
Monosodium glutamate (Accent) 1,700 g 
MgSO, 2M 80 ml 
FeSO, 0.2m 32 ml 
MnCl, 0.1 ™M 16 ml 
NazMoQ, 0.1 16 ml 
CoCl, 0.1 ™M 32 ml 
CaCl, 1M 16 ml 
Distilled or soft tapwater to 32 liters 

Solution B KH,PO, 170 g 
K.HPO,:-3H.O 1,200 
Distilled water to 5.6 liters 


Glucose (cerelose) 4 m (sterile) 1,600 ml 


Four liters of solution A are placed in each of eight 6-liter flasks 
and sterilized for 45 minutes at 18 lb of steam pressure. Solution 
B (700 ml) is placed in each of eight 1-liter flasks and sterilized 
in the same way. The sterile solutions are cooled to 35°. Eight 
clean 20-liter Pyrex bottles are steamed for 5 minutes to elimi- 
nate gross contamination. Each bottle is filled with approxi- 
mately 14 liters of water (nonsterile distilled or soft tapwater) 
plus 2 ml of 2 N HCI and allowed to stand at 35° for several 
hours until the temperature of the water is 32-35°. To each 


1 We previously (4) referred to this coenzyme as the ‘‘adenine- 
Biz coenzyme.”’ We now believe the term ‘‘cobamide”’ (5) is more 
appropriate than ‘‘B,.’’ because the former term is more clearly 
defined and does not carry the implication that the coenzyme con- 
tains either dimethylbenzimidazole or cyanide. 
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bottle are added 4 liters of sterile solution A, 700 ml of sterile 
solution B, and 200 ml of sterile 4 m glucose. The ingredients 
are mixed by bubbling nitrogen through the medium. To each 
20-liter bottle is added 0.6 g of dry (nonsterile) Na2S.0, as a 
reducing agent and the medium is mixed briefly. Each bottle 
is inoculated with 750 ml of an actively fermenting pure culture 
of C. tetanomorphum in the same medium, and then is filled to 
the neck with water. The cultures are incubated at 35-37° until 
maximum turbidity is reached; this corresponds to a 2 — log 
G value of approximately 0.7 in an Evelyn colorimeter, with 18 
mm (outside diameter) tubes. Maximum growth is reached after 
14 to 18 hours depending upon the temperature and the condition 
of the inoculum. The cells should be harvested within 3 hours 
of the time of maximum growth, since a longer delay results in a 
decreased yield, because of autolysis. Also contaminants become 
abundant after longer incubation. The bacteria are harvested 
in a Sharples supercentrifuge at the rate of 700 to 1,200 ml per 
minute depending on the strength of the centrifugal field. The 
yield is 400 to 600 g of cell paste. The cells are transferred from 
the centrifuge bowl to polyethylene containers and immediately 
frozen in a Dry-Ice-alcohol mixture. When the cells are stored 
at —10°, the coenzyme they contain is stable for months. 
Enzyme Preparation for Coenzyme Assay—Cell paste of C. 
tetanomorphum (15 g), freshly harvested from the glutamate- 
yeast extract medium, is suspended in 30 ml of 0.02 m potassium 
phosphate buffer, pH 7.6, containing 0.07 m 2-mercaptoethanol. 
Approximately 3 g of grade FFF corundum powder and 5 g of 
moist, acid-washed, activated charcoal (Nuchar) are added and 
the suspension is exposed to sonic vibration in a Raytheon 10 ke 
sonic oscillator for 10 minutes at 0-5°. The suspension is then 
centrifuged for 10 minutes at 16,000 x g and the sediment is 
discarded. To the supernatant solution (34 ml), 20 ml of 1% 
(weight per volume) protamine sulfate (Nutritional Biochemi- 
cals Corporation) are added slowly with mechanical stirring in 
order to remove nucleic acids and reduce the absorbancy of the 
solution at 240 mu. After stirring for 5 minutes the precipitate 
is removed by centrifugation at 16,000 x g. Small aliquots of 
the clear supernatant solution, containing 20 to 25 mg of protein 
per ml, are placed in small tubes and immediately frozen. When 
stored at —10° the enzyme system retains much of its activity 
for several months. Repeated thawing and freezing of the 
enzyme solution and storage at 0° results in rapid loss of activity. 
For this reason the enzyme solution is divided, before being 
frozen, into small aliquots sufficient for the assays to be performed 
each day. After thawing the enzyme solution, it is centrifuged 
for 5 minutes at 11,000 x g to remove denatured protein. 

Sometimes the enzyme prepared by the above method shows 
some activity in the spectrophotometric coenzyme assay in the 
absence of added coenzyme. In this event the enzyme solution 
should be exposed to a bright light to destroy the coenzyme con- 
taminating the preparation (1). A 10 minute exposure to direct 
sunlight is sufficient to reduce the blank activity to a negligible 
level. 

Preparation of Coenzyme Extracts—Extracts of C. tetanomor- 
phum for coenzyme assay are prepared by suspending 100 mg of 
bacterial cell paste in 1 ml of 0.01 m sodium acetate buffer, pH 
6.0, and heating the suspension in a boiling water bath for 5 
minutes. The mixture is rapidly cooled to 0° and centrifuged 
for 5 minutes at 16,000 X g. An aliquot of the clear supernatant 
solution is used for coenzyme assay. 

Estimation of Coenzyme Concentration—The coenzyme content 
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of bacterial cells is expressed in micromoles of coenzyme per kg 
of moist cell paste. The molar concentration of adenylcobamide 
coenzyme in a purified preparation presumably free from other 
light-absorbing compounds can be calculated from its absorbancy 
and the corresponding molar extinction coefficient of 45.3 « 105 
cm? per mole at 263 muy, or 8.65 X 10° cm? per mole at 458 my, 
in 0.01 m sodium phosphate buffer, pH 6.8. The method of 
determining the molar extinction coefficients is described in a 
later section. When the coenzyme preparation contains impuri- 
ties absorbing light at these wave lengths, the apparent coenzyme 
concentration, calculated in this way, is higher than the actual 
concentration. The presence of light-absorbing impurities can 
usually be detected by examining the absorption spectrum of the 
solution or by determining the apparent specific activity of the 
coenzyme preparation. The coenzyme concentration in crude 
bacterial extracts is calculated from coenzyme activity measure- 
ments by comparison with a solution of purified coenzyme of 
known concentration. 

Chemical Methods—Ammonia was determined by nessleriza- 
tion after distillation from a solution alkalinized with saturated 
sodium tetraborate. Protein was determined by the method of 
Lowry et al. (6) with human blood plasma of known nitrogen 
content as a reference standard. 

Analytical grade? Dowex ion exchange resins were used. For 
cation exchange the light colored Dowex 50W resin was preferred 
because of the ease of observing the movement of color bands on 
the column. The Dowex 50W, pH 3 resin was prepared by 
passing 2 M NaH2PO,-H3PO, buffer, pH 3.0, through a column 
of Dowex 50W, 2% cross-linked, 200 to 400 mesh, initially in the 
acid form, until the effluent had the same pH as the added buffer. 
The column was then washed with distilled water until the con- 
ductivity of the effluent was equal to or less than that of a 3 
p.p.m. NaCl solution. Other chemical methods are described 
in connection with individual experiments. 

Chemicals—The cyanocobalamin used in this investigation 
was a crystalline product obtained from Nutritional Biochemi- 
cals Corporation. The pseudovitamin B;2 was generously sup- 
plied by Dr. J. J. Pfiffner, Parke, Davis and Company. 
Uniformly labeled t-glutamic acid-C™“ was obtained from Nu- 
clear Chicago Corporation. Reagent grade phenol was redistilled 
in 1 kg lots from a flask containing 1.5 g of aluminum turnings 
and 0.75 g of sodium bicarbonate before being used for coen- 
zyme extraction. 

Physical Methods—Absorbancy measurements were made with 
a Beckman Model DU spectrophotometer equipped with a 
photomultiplier, with the use of 1 ml capacity silica cells of 1.0- 
cm light path. Low rates of absorbancy change were sometimes 
measured by feeding the output signal of the spectrophotometer 

into an automatic recorder with an expanded 0 to 0.04 absorbancy 
scale. Graphic estimation of the slope of the time curve per- 
mitted the determination of rates as low as 0.008 absorbancy 
unit per minute with an accuracy of 10%; higher rates were 
determined with proportionately greater accuracy. Visible and 
ultraviolet absorption spectra were generally determined with a 
model 14 Cary spectrophotometer with the use of a 1-cm light 
path. 


COENZYME ASSAY METHODS 


Three methods for following the decomposition of glutamate 
have been used, one based on the determination of ammonia, 


2 Supplied by Bio-Rad Laboratories, Berkeley, California. 
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another on the conversion of C'4-glutamate to C-labeled mesac- 
onate, and a third based upon the spectrophotometric estimation 
of mesaconate by means of its absorption at 240 mu. The first 
two methods have the advantage that they can be applied to 
crude enzyme and coenzyme preparations which are too opaque 
in the 240 my region to permit use of the spectrophotometric 
assay. They were used in early experiments on the properties 
of the coenzyme. Since the ammonia method is insensitive and 
has not been developed into a really quantitative procedure of 
coenzyme assay, it will not be described. The more rapid and 
accurate spectrophotometric method was used exclusively during 
the later stages of the development of the purification procedure. 

Coenzyme Assay with C'*-Glutamate—This assay is based upon 
the enzymatic conversion of C-labeled glutamate, which is 
completely retained by a small column of Dowex 50-H+, to C**- 
mesaconate, which is not retained by the column. The amount 
of C“ in the column effluent is a measure of the rate of the reac- 
tion under suitable conditions. By the use of a charcoal-treated 
enzyme preparation, the concentration of coenzyme can be made 
rate limiting. The sensitivity of the method is determined by 
the specific acitivity of the C'*-glutamate and the activity of the 
enzyme preparation. As described below, the method permits 
the detection of 1 * 10-* umole of coenzyme, corresponding to 
the formation of approximately 0.01 umole of mesaconate per 
ml. 

The reaction mixture contains 0.002 m uniformly labeled so- 
dium t-glutamate-C™ with a specific activity of 0.03 ue of C™ 
(~5,000 c.p.m.) per umole, 0.005 mM 2-mercaptoethanol, 0.001 m 
MgClz, 0.04 m tris(hydroxymethyl)aminomethane chloride buffer, 
pH 8.5, 0.1 ml of a charcoal-treated C. tetanomorphum extract 
containing 18 mg of protein per ml and 0.01 m a,a’-dipyridyl, 
variable amounts of coenzyme up to 1 X 10-3 umole, and water 
to a volume of 0.50 ml. The dipyridyl is added to prevent the 
further conversion of mesaconate to acetate and pyruvate, which 
are somewhat volatile from acid solution. The reaction is started 
by the addition of charcoal-treated extract. The reaction mix- 
ture is incubated in small test tubes for 5 minutes at 26° and 
the reaction is stopped by the addition of 0.15 ml of 12% tri- 
chloroacetic acid. The precipitate is centrifuged down and 
washed twice with 0.5 ml of 2.5% trichloroacetic acid. The 
supernatant solutions are passed through a 1 cm high X 1 cm 
diameter layer of Dowex 50-H*+, 8% cross-linked, 200 to 400 
mesh. The resin is washed three times with 0.5 ml of water and 
the adhering liquid is sucked out of the column. The combined 
effluents are evaporated to dryness in a boiling water bath with 
the aid of a stream of air. The residue is dissolved in 0.30 ml of 
water and an aliquot of 0.20 ml is used for a C“ determination. 

Under the conditions of this assay, the control without added 
coenzyme usually gives a C count of approximately 40 c.p.m. 
after correction for background, whereas a sample containing 
6 X 10-4 umole of coenzyme gives a corrected count of 250 to 
350 c.p.m. This corresponds to the formation of 0.06 to 0.09 
umole of mesaconate in the 0.5 ml of reaction mixture. The C™% 
count is an approximately linear function of the amount of 
coenzyme up to the above level. 

Spectrophotometric Coenzyme Assay—The reaction mixture 
contains per ml, 0.01 M monosodium L-glutamate, 0.05 M tris- 
(hydroxymethyl)aminomethane chloride buffer, pH 8.2, 0.01 m 
KCl, 0.001 m MgCl, 0.05 ml of a charcoal- and protamine-treated 
enzyme preparation (see above), and sufficient coenzyme to give 
an absorbancy change of 0.01 to 0.08 unit per minute at 240 
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Fig. 1. Spectrophotometric coenzyme assay. The abscissa 
shows the volume of 4.7 X 10~* mM coenzyme solution in 1 ml. of 
assay solution. On the ordinate the rate is expressed as change 
of absorbancy units X 100 per minute at 240 mu. 


my, corresponding to the formation of 0.0026 to 0.021 umole of 
mesaconate per minute. The reaction is started by the addition 
of enzyme and readings are taken at 0.5-minute intervals for 3 
minutes. The rate of reaction is calculated from the change in 
absorbancy during the last two minutes. The reference cell 
contains sufficient mesaconate, usually about 4 x 10-‘ m, so 
that the apparent absorbancy of the reaction mixture falls be- 
tween 0 and 0.5. 

The relation between coenzyme concentration and the rate of 
mesaconate formation is approximately that described by the 
Michaelis-Menten equation (7). The K,, for the adenylcoba- 
mide coenzyme is approximately 1.4 x 10-*m. For coenzyme 
assay we use a relatively low coenzyme concentration, below 
2 < 10-7 M, so that the rate of absorbancy change is an almost 
linear function of coenzyme concentration (Fig. 1). The abso- 
lute rate of absorbancy change is of course also dependent upon 
the activity of the apoenzyme system used in the assay. Since 
this may vary as much as 4-fold with different enzyme prepara- 
tions or with the same preparation after different periods of stor- 
age, there is no fixed relation between coenzyme concentration 
and the rate of absorbancy change. However, with a satis- 
factory enzyme preparation, such as that used to obtain the data 
shown in Fig. 1, an approximately linear rate-coenzyme concen- 
tration relation is usually obtained up to absolute rates of 0.04 
to 0.10 absorbancy unit per minute. The range of linearity 
should be determined with each enzyme preparation from time 
to time and the sample size should be chosen to keep within this 
range. 

The assay permits a determination of the relative coenzyme 
activities of different samples when direct comparisons are made 
with a given enzyme preparation. Coenzyme activity is ex- 
pressed in units of absorbancy change per minute under the 
assay conditions. Apparent specific activity is expressed in 
units of absorbancy change per minute per umole of apparent 
coenzyme, calculated from the absorbancy of the preparation 
at 263 my and the corresponding molar extinction coefficient 
(see below). Since the response to the coenzyme varies with the 
activity of the enzyme, these measures of coenzyme activity have 
no absolute values and are useful only for direct comparisons. 
With the enzyme preparations used in this study the apparent 
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specific activities of our best adenylcobamide coenzyme prep- 
arations generally varied from 200 to 400 units per umole. By 
comparison with a reference coenzyme stored at —12°, the rela- 
tive activities and apparent specific activities of various coenzyme 
preparations can be compared over many months, on the assump- 
tion that the coenzyme in the reference solution does not lose 
activity. 

For a reference standard we have used a coenzyme prepara- 
tion with a relatively high apparent specific activity obtained by 
combining Fractions 255 to 283, described in Table II. The 
average apparent specific activity of these fractions was 87% of 
the highest specific activity so far observed in any adenyl- 
cobamide coenzyme fraction. 

In the spectrophotometric coenzyme assay certain limitations 
of the method must be observed. With the Beckman spectro- 
photometer, with or without a photomultiplier attachment, 
reliable measurements of absorbancy change at 240 my cannot 
be made when the absolute absorbancy, read against water, ex- 
ceeds a value of about 2.0 (8). The amount of enzyme prepara- 
tion used in the assay usually has an absorbancy of about 0.5. 
Consequently the absorbancy of the coenzyme preparation added 
to the assay should not exceed 1.5. 

Many bacterial extracts contain so much ultraviolet light- 
absorbing material that it is impossible to add sufficient coen- 
zyme to give an adequate reaction rate without exceeding the 
permissible absorbancy limit. With such samples the ultra- 
violet-absorbing impurities must be at least partially removed 
before the assay. This can be accomplished without loss of co- 
enzyme activity by passing the neutralized sample through a 
layer of Dowex | in the acetate form. A 0.9 cm diameter X 1 
em high bed of Dowex 1-acetate, 8% cross-linked, 50 to 100 
mesh, is sufficient to remove much of the ultraviolet-absorbing 
material from 10 ml of a boiled bacterial extract. 

Since the enzyme preparation used in the coenzyme assay is 
relatively crude, reactions other than the conversion of glutamate 
to mesaconate may occur when appropriate substrates are present 
in a crude coenzyme preparation such as a bacterial extract. If 
such reactions result in an absorbancy change at 240 my, they 
will complicate the coenzyme assay. Interfering reactions may 
usually be detected and suitable corrections found by doing a 
control assay in which the glutamate is omitted. <A correction 
should also be made for the small absorbancy change in the 
absence of added coenzyme. Even these controls do not com- 
pletely eliminate the possibility of interference by nonspecific 
reactions, particularly when dealing with crude extracts of bio- 
logical material. Until the assay system is made more specific 
by purification of the enzymes, low rates of absorbancy change 
(<0.01 per minute) must be interpreted with caution. 

Several cobamides, including cyanocobalamin, hydroxo- 
cobalamin, and pseudovitamin B,2, were found to be completely 
inactive in the spectrophotometric coenzyme activity assay when 
tested at concentrations of 3.7 to 5.7 « 10-5 mM. <A number of 
other coenzymes and cofactors, including adenosine triphosphate, 
adenylic acid, flavin mononucleotide, flavin adenine dinucleotide, 
coenzyme A, diphosphopyridine nucleotide, triphosphopyridine 
nucleotide, cocarboxylase, pyridoxal phosphate, ferrichrome, and 
coprogen I, were also found to be inactive. The only compound 
so far found to interfere with the assay is adenosine. Addition 
of 2 & 10-4 m adenosine causes a slow increase in absorbancy at 
240 my under the assay conditions. However, this effect, un- 
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like that caused by coenzyme, is not dependent upon the pres. 
ence of glutamate. 


Purification of Coenzyme 

The purification procedure is based on the following properties 
of the coenzyme: it is readily extracted from the cells by warm 
80% ethanol; in neutral or alkaline solution it has no net charge 
and is not retained by either cation (Dowex 50-Nat) or anion 
(Dowex 2-OH-) exchange resins; it is readily extracted from 
neutral aqueous solution by phenol, and is displaced from phenol 
back into water by addition of ether and acetone; at pH $5.5 
the coenzyme has a positive charge and is held by a Dowex 50 
cation exchange resin; and at pH 6.5 to 7.2 it has little or no net 
charge and is readily eluted from a Dowex 50 column with 0.03 
M sodium acetate buffer. 

All operations must be carried out in dim light and the re- 
action vessels should be covered with black cloth or metal foil, 
The operations are carried out at 3-4°, unless otherwise stated. 

Step1. Extraction with 80% Ethanol—A cell paste of 1000 g of 
Clostridium tetanomorphum is homogenized with 2 liters of ab- 
solute ethanol in an electric mixer and the resulting suspension 
is poured into 2 liters of boiling absolute ethanol in a large round 
bottomed flask on a heating mantle to give a final ethanol con- 
centration of approximately 80% (volume for volume). The 
mixture is allowed to stand at 60-80° for 20 minutes and is 
filtered while warm through a layer of Celite on two large (25 
cm diameter) Buchner funnels with the aid of suction. The 
solid material is resuspended in 2 liters of 80% ethanol and filtered 
again. The cells are discarded. The combined filtrates are 
concentrated to approximately 800 ml at a temperature of 45-50° 
in a vacuum concentrator; this requires about 1.5 hours. To 
remove residual ethanol, 1400 ml of distilled water are added 
and the solution is again concentrated to 800 ml. The solution 
is immediately cooled to room temperature and the specific 
gravity determined by means of a hydrometer. The solution 
should have a specific gravity of 1.01 + 0.02, indicating that 
the ethanol is mostly removed. The solution is cooled to 0° or 
is frozen and stored at —10° if the procedure is interrupted at this 
point. 

Before the next step, extracts from 3 to 4 kg of cell paste, 
prepared as described above, can be combined and concentrated 
under reduced pressure to 1.0 to 1.5 liters. The solution is 
usually turbid and a slimy precipitate slowly forms. To remove 
the precipitate, which tends to clog the ion exchange columns 
used subsequently, 10 ml of 1 Mm ZnSO, and 20 ml of 1 N NaOH 
are added per liter of solution. The pH of the solution should 
be between 7.0 and 7.6. After standing a few minutes, the 
resulting precipitate is removed by centrifugation or by filtration 
through Celite. 

Step 2. Treatment with Dowex 50-Na+—The concentrated ex- 
tract from the preceding step is adjusted to pH 7 and passed 
through a column of Dowex 50, 8% cross-linked, 20 to 40 mesh, 
in the sodium form. For each kilogram of cell paste extracted, 
20 ml of moist resin are used in a 2.0 cm diameter column. The 
extract is allowed to pass through the column under gravity 
flow and the column is finally washed with a little water and 
sucked free of liquid. 

Step 3. Treatment with Dowex 2-OH-—The combined eluates 
from the Dowex 50 column are adjusted to pH 9.5 with NaOH 
and passed under gravity through a column of Dowex 2, 8% 
cross-linked, 50 to 100 mesh, in the hydroxide form; 30 ml of 
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moist resin are used per kilogram of cell paste. The eluate and 
washings (pH 9.5 to 10.0) are combined and neutralized to pH 
6.5 to 7.0 with 2 N acetic acid. The total volume is approxi- 
mately 2,200 ml. 

Step 4. Phenol Extraction—This step is carried out at room 
temperature, but the aqueous solutions, kept in ice until the 
start of the extraction, are colder. Batches of about 1,100 ml 
are extracted in a separatory funnel first with 130 ml of redis- 
tilled 85% (weight per volume) phenol-water and then twice 
with 50 ml of phenol. After each extraction the mixture is 
centrifuged for 10 minutes at 1,000 x g to obtain a sharp separa- 
tion of the heavier phenol phase. The combined phenol extracts 
from both batches (about 300 ml) are washed twice with 50 ml 
of water and the combined aqueous washings are re-extracted 
with 10 ml of 85% phenol. The aqueous phase is discarded. 

To the combined phenol extracts in a separatory funnel are 
added 0.2 volume of water, 3 volumes of ethyl ether, and 1 
volume of acetone in this order. After shaking thoroughly, the 
heavier aqueous phase containing the coenzyme is separated and 
the phenol-ether phase is re-extracted twice with 0.2 volume of 
water. The first aqueous extract should be intensely orange and 
the last extract should be pale yellow. The combined aqueous 
extracts (200 ml) are washed twice with 25 ml of ether to re- 
move phenol. The ether extracts are discarded. The aqueous 
solution of the coenzyme is aerated with N: to remove most of 
the dissolved acetone and ether. 

Step 5. Fractionation on Dowex 50, pH 3 Column—The cold 
coenzyme-containing solution is adjusted to pH 3.5 by cautious 
addition of 1 N HCl. The acid is added slowly while the solu- 
tion is vigorously stirred in order to avoid a high local acidity. 
If the solution has considerable buffer capacity, it should be 
diluted so that the calculated salt concentration does not ex- 
ceed 0.01 mM. The solution is allowed to run into a 1.0 em diam- 
eter X 80 cm high column of Dowex 50W, 2% cross-linked, 200 
to 400 mesh, in the mixed: Na+-H+ form at pH 3, set up in a 3° 
room. <A column of this diameter is adequate for a preparation 
containing up to 100 uwmoles of coenzyme. The coenzyme is 
rinsed into the column with a little water. It should form an 
orange band not exceeding 4 cm in width at the top of the 
column. Elution is begun with 0.03 m sodium acetate pH 4.6 to 
5.0.3 By applying air pressure (4 to 9 lbs per sq in) to the top 
of the column the flow rate is adjusted to 0.3 to 0.5 ml per min- 
ute. After collecting 20 to 30 fractions of 10 to 15 ml volume 
in an automatic fraction collector, the eluting solution is changed 
to 0.03 mM sodium acetate, pH 5.8 to 6.0. After collecting another 
40 to 50 fractions, the pH of the eluting solution is raised to pH 
6.7 to 7.2 and elution is continued until the main colored band 
comes off the column. By increasing the sodium acetate con- 
centration to 0.05 m the peak is eluted more rapidly. 

A typical elution pattern is shown in Fig. 2. The progress of 
the elution is followed by measuring the absorbancy at 263 mu, 
by observing the color of the fractions containing the absorbancy 
peaks, and by measuring coenzyme activity by the spectrophoto- 
metric assay. Several minor 263 my peaks, some colorless, others 
colored yellow, orange, or red, are eluted ahead of the main peak 
eluting at pH 6.7. The latter can be observed moving down the 
column and can be recognized by the magnitude of its absorbancy 
and by its characteristic orange color. Most coenzyme prepara- 
tions contain a small amount of a red compound, not shown in 


* If separation of the minor components from each other is not 
essential, elution is begun with the pH 5.8 buffer. 
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Fic. 2. Coenzyme purification on a Dowex 50W, pH 3 column, 
1 cm diameter X 80 cm long. The abscissa gives the number of 
fractions (volume 15 ml) collected and the ordinate gives the ab- 
sorbancy of the fractions at 263 my. The eluting solutions are 
described at the top of the graph. 


Fig. 2, that elutes much more slowly than the main component 
with 0.03 M acetate buffer, pH 6.7, but can be eluted with 0.1 
M buffer, pH 7.2 or, more rapidly, with 0.01 mM ammonia. The 
elution of all colored bands from a column, as described, requires 
from 2 to 4 days, depending on the length of the column, the 
flow rate, and the pH of the eluting solutions. 

Coenzyme activity is found only in the main component eluting 
with pH 6.7 sodium acetate buffer. Fig. 2 shows that the main 
absorbancy peak is somewhat irregular with a distinct bulge on 
the descending side. Comparison of the coenzyme activities 
with the 263 my absorbancy values of the peak fractions indi- 
cates the bulge is caused by a compound possessing a spectrum 
similar to that of the coenzyme but lacking coenzyme activity 
(see below). 

Step 6. Second Phenol Extraction—The peak fractions with a 
high and approximately constant apparent specific activity are 
combined, concentrated under reduced pressure to 50 ml, ex- 
tracted into phenol, and displaced back into water as described 
in Step 4. The aqueous solution is extracted twice with ethyl 
ether to remove residual phenol and then the solution is aerated 
with N» to remove residual acetone and ether. The final aqeuous 
solution is stored at —10°. 

Table I gives typical data on the isolation of coenzyme from 
1 kg of moist cells of C. tetanomorphum. The 80% ethanol ap- 
pears to extract most of the coenzyme from the cells provided 
the mechanical conditions are favorable. Passage of the extract 
over columns of Dowex 50-Na* and Dowex 2-OH~ usually causes 
little if any loss of activity. Not infrequently, the apparent 
coenzyme activity is increased 10 to 25% during this treatment, 
probably as a result of the removal of compounds that interfere 
with the assay. The treatment with Dowex 2-OH- removes a 
large part of the ultraviolet light-absorbing impurities and over 
95% of the amino acids. The main losses of coenzyme occur 
during extraction by phenol and re-extraction by water in Steps 
4 and 6. The average recovery of coenzyme in a number of 
phenol extractions was 69%, although sometimes as much as 
90% of the coenzyme was recovered. The phenol extraction 
removes considerable impurities and is particularly useful as a 
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TaBLeE I 
Purification of adenylcobamide coenzyme 
Starting material: 1000 g of moist cells of C. tetanomorphum. 


Step Fraction Volume |Coenzyme*| Yield 
ml. pmoles % 

1 | 80% ethanol extract (conc.) 700 21.0 100 
2 | After Dowex 50-Nat 770 21.0 100 
3 | After Dowex 2-OH- 840 20.4 97 

- 4 | Phenol extract, in water 80 14.0 67 
5 | Peak from Dowex 50, pH 3.0 col- 15 11.1 53 

umn (conc.) 
6 | Phenol extract of 5, in water 5 7.7 37 


* Calculated from the observed activity and the estimated 
specific activity of the best coenzyme preparation, 12-2. 
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Fig. 3. Coenzyme purification on a Dowex 50W, pH 3 column, 
1 cm diameter X 160 cmlong. The coenzyme added to this column 
was obtained from the main peak of the column described in Fig. 2. 


TaBLeE II 
Specific activiiy of coenzyme fractions from 
180-cm Dowex 50W, pH 3 column 


Coenzyme 
Fraction 
Quantity* Activity Specific activity 
pmoles/ml X 1072 units/ml units/pmole 
250 0.22 0.26 120 
255 0.75 1.37 183 
260 2.56 5.13 200 
265 5.64 10.5 187 
270 6.56 15.1 230 
275 5.40 13.7 254 
280 3.53 8.26 234 
285 1.94 3.07 159 
290 1.13 1.58 140 
295 0.89 0.56 63 
300 0.81 0.13 16 
305 0.62 0.034 5.5 


* Estimated from the absorbancy at 263 mu. 
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desalting procedure preparatory to Step 5. The presence of 
competing cations reduces the affinity of the coenzyme for the 
Dowex 50W, pH 3 column. The recovery of coenzyme from 
the latter column is usually close to 100%. However, since the 
separation from adjacent inactive compounds is not complete, 
some losses occur as the result of the rejection of mixed fractions. 
These end fractions can be combined and refractionated to give 
a somewhat higher total yield. The Dowex 50W column is 
buffered at pH 3 rather than being used in the hydrogen form 
because the coenzyme is rapidly and irreversibly inactivated by 
the more acid resin. Even at pH 3 and 4°, the coenzyme is 
somewhat unstable. Consequently, after the coenzyme is ad- 
sorbed on the top of the column, elution with a less acid buffer 
should be started without delay. The Dowex 50W, pH 3 column 
readily separates the coenzyme from vitamin Biz, pseudovitamin 
Biz, and related vitamin forms. The monocyano forms of the 
cobamide vitamins are less basic than the coenzyme and are 
eluted quickly by a pH 4.8 acetate buffer, whereas the hydroxo 


forms of the vitamins are more basic and remain on the column — 


after the coenzyme is eluted. The final phenol extraction of the 
peak fractions in Step 6 is used to concentrate the coenzyme and 
to remove salt. The over-all yield of coenzyme in different 
preparations has varied from 30 to 45% of the amount in the 
concentrated ethanol extract. 

Refractionation of Coenzyme on Dowex 50—The product ob- 
tained by the above procedure is contaminated with a small 
amount of an inactive compound with a spectrum similar to that 
of the coenzyme. Further purification of the coenzyme, if re- 
quired, may be achieved by rechromatographing the product 
from Step 6 on a longer column. For this purpose a 180 cm 
high < 1 cm diameter Dowex 50W, pH 3 column has been used 
with a succession of 0.03 m sodium acetate buffers of pH 5.5, 
6.0, 6.6, and 7.2 as eluting solutions. After the elution of several 
minor peaks the main components were eluted with pH 7.2 
buffer in Fractions 250 to 300. The fractions varied in volume 
from 8 to 10 ml. Comparison of the 263 my absorbancy and 
coenzyme activity in the main peak fractions (see Fig. 3) again 
indicated the presence of a slower moving component that did 
not separate completely from the active coenzyme. The data 
in Table II show that the apparent specific activities of Frac- 
tions 260 to 280 were high and relatively constant, whereas those 
of the fractions above 290 fell sharply toward zero. Fractions 
300 to 350 were almost completely inactive, although they con- 
tained appreciable amounts of a compound with a spectrum 
similar to that of the active coenzyme. 

Fractions 260 to 283 from the main activity peak, which had 
an average specific activity of 220 units per umole, were com- 
bined and concentrated about 10-fold under reduced pressure. 
In order to eliminate salt the coenzyme was again extracted into 
phenol and back into water. Direct comparison of this prepara- 
tion with several other similar preparations showed that it had 
the highest specific activity so far observed. 

Several attempts to crystallize the coenzyme of the above 
preparation from aqueous acetone were unsuccessful. When the 
acetone concentration exceeded 86% (volume for volume) the 
coenzyme separated as an orange colored oil. 


Homogeneity of Preparation 


The symmetry of the coenzyme absorbancy peak from the 
Dowex 50, pH 3 column (Fig. 3) indicated that the best adenyl- 
cobamide coenzyme preparation was relatively homogeneous. 
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Additional evidence that the preparation contained only a single 
light absorbing component was obtained by paper chromatog- 
raphy and paper electrophoresis. 

Paper Chromatography—The coenzyme showed an Fp of 0.09 
in descending chromatography on Whatman No. 1 paper with 
sec-butanol-glacial acetic acid-water in the volume ratio of 100: 
3:50 as the developing solvent. Cyanocobalamin, hydroxo- 
cobalamin, and pseudovitamin By: gave Re values of 0.34, 0.17, 
and 0.15, respectively, under the same conditions. The purified 
coenzyme gave only one spot detectable by visible color or by 
quenching of ultraviolet light. The amount of coenzyme in the 
sample (0.10 umole) was such that a 5% contamination by any 
of the above compounds could have been detected. 

Paper Electrophoresis—The coenzyme moved as a cation in an 
electric field when applied to Whatman No. 1 paper saturated 
with 0.5 m acetic acid. The rate of movement was 8.3 cm per 
hour, corrected for electroosmosis, when the field strength was 
40 volts percm. Under these conditions the rates of movement 
of cyanocobalamin, hydroxocobalamin, and pseudovitamin By: 
were 0, 7.1, and 3.1 cm per hour, respectively. Only a single 
colored or ultraviolet-quenching component was detected in a 
sample containing 0.12 umole of adenylcobamide coenzyme. 


Properties of Coenzyme 

Spectrum of Coenzyme—The ultraviolet and visible absorption 
spectrum of a typical purified adenylcobamide coenzyme prepara- 
tion is shown in Fig. 4. The characteristic features are the 
prominent absorbancy maxima at 263 and 458 my and the lesser 
maxima at 303 and 375 my. We have made 10 coenzyme 
preparations from C. tetanomorphum, all of which show the same 
type of spectrum with only minor variations in the relative ab- 
sorbancy in different parts of the spectrum. 

A quantitative comparison of the spectra of different coenzyme 
preparations can be made by calculating absorbancy ratios for 
several selected wave lengths. Such a comparison of the spectra 
of four of the better preparations is given in Table III. All of 
the preparations show very similar absorbancy ratios. The 
largest variation is found in the figures of Column 2 representing 
the ratio of the absorbancy minimum at 237 to 239 muy to the 
absorbancy maximum at 263 my. This ratio is very sensitive 
to impurities absorbing at wave lengths below 260 muy; con- 
sequently, its relative constancy is more significant than its 
variation. The 12-2 preparation, obtained by fractionation on 
a 180 cm long Dowex 50, pH 3 column, is probably the purest 
adenylcobamide coenzyme sample so far obtained. Its activity 
in the spectrophotometric coenzyme assay was 10 to 20% higher 
than that of other preparations with which it was compared 
directly. However, since the other preparations were older, and 
since the coenzyme is not perfectly stable in solution, the ob- 
served differences in specific activity probably do not reflect pro- 
portional differences in purity of the preparations at the time 
the spectra were taken. 

Molar Extinction Coefficients—When a cyanide salt is added in 
excess to a solution of adenylcobamide coenzyme, the spectrum 
is greatly altered (Fig. 4) and becomes very similar to that of the 
dicyano form of the cobamide vitamins (1). Since all dicyano- 


cobamides appear to have virtually identical absorption spectra 
and extinction coefficients above 350 muy, it seems justifiable to 
assume, as a first approximation, that the dicyano forms of the 
coenzyme and the cobamide vitamins have the same extinction 
coefficients at specific wave lengths. 


In particular we have as- 
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1. COENZYME IN WATER 
eb 2.COENZYME OIM CYANIDE 


Absorbancy x 10 


300 400 500 600 
in Millimicrons 
Fic. 4. Absorption spectrum of the adenyleobamide coenzyme 
in water (pH 6.8) andin0.1mM KCN. Both solutions initially con- 
tained 2.06 X 10-5 mM coenzyme. Spectrum 2 was obtained 5 
minutes after adding the cyanide to the coenzyme 2 Late 


TaB_e III 
Absorbancy ratios of coenzyme preparations 


Columns 2 to 6 in the body of the table give the absorbancy 
ratios at the wave lengths shown above each column. 


237-239 my 303 mp 458 mp 303 my 375 mp 

Poepasation 263 mp 263 mp | 263mp | 458mp | 458 mp 
6-16 0.53 (237)* 0.47 0.19 2.48 1.03 
7-30 0.65 (237) 0.49 0.20 2.47 1.08 
10-31 0.62 (239) 0.48 0.20 2.46 1.09 
12-2 0.59 (239) 0.47 0.19 2.47 1.02 


* The number in parentheses is the wave length in millimicrons 
of the observed absorbancy minimum. 


sumed that the dicyano derivative of the coenzyme, like that of 
cyanocobalamin, has a molar extinction coefficient of 30.4 x 106 
cm? per mole in 0.1 M KCN at pH 10. This value for dicyano- 
cobalamin, which is approximately 1% higher than previously 
reported (9), was determined with a commercial sample of 
crystalline cyanocobalamin by comparing the absorbancy of a 
solution at 361 my in 0.01 M potassium phosphate buffer, pH 6.8 
(molar extinction coefficient = 27.8 x 10° cm? per mole, esti- 
mated from E}%, = 204 (10) by assuming a molecular weight of 
1365), with the absorbancy at 367 mu in0.1m KCN. By making 
a similar comparison between the absorbancy at 263 my of a 
solution of the coenzyme in 0.01 mM potassium phosphate buffer, 
pH 6.8, and at 367 my in 0.1 m KCN, the molar extinction co- 
efficient of the coenzyme at 263 mu was calculated to be 45.3 x 
10° cm? per mole. From this value and the most probable values 
of the absorbancy ratios shown in Table III, the molar extinction 
coefficients of the coenzyme at 303, 375, and 458 my were cal- 
culated to be 21.6, 9.03, and 8.75 x 10® cm? per mole, respec- 
tively. 

Growth Factor Activity—Two microbiological growth factor 
assays were used. These assays were done with considerable 
care, but without the large number of replicate tests necessary 
to obtain relatively high accuracy. The probable error of the 
growth factor activity assays was of the order of +20%. 

Growth factor activity was measured with the cyanocobalamin- 
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or methionine-requiring Escherichia coli mutant 113-3 and with 
Ochromonas malhamensis. The E. coli test was done in the 
medium of Burkholder (11) as modified by Ford et al. (12), ex- 
cept that sodium cyanide was omitted from the medium and the 
cultures were incubated without shaking for 16 hours at 30°. 
The Ochromonas test was done as described by Ford (13). Both 
growth tests were carried out in the dark. A solution of the 
coenzyme in distilled water was sterilized for 10 minutes at 115°. 
This treatment causes an approximately 20% loss of coenzyme 
activity. 

In the E. coli test the adenylcobamide coenzyme showed ap- 
proximately the same activity as cyanocobalamin and about 
three times the activity of pseudovitamin B,2 on a molar basis. 
In the Ochromonas test, the coenzyme was completely inactive 
when tested over the range from 0.01 to 1.3 * 10-® g per ml. 
Cyanocobalamin showed 50% of maximal activity at approxi- 
mately 0.02 x 10-° g per ml under the same conditions. The 
inability of Ochromonas to utilize the adenylcobamide coenzyme 
as a substitute for cyanocobalamin is not unexpected in view of 
the known inability of this flagellate to utilize the structurally 
related compound pseudovitamin By: (13). 

Stability—The coenzyme appears to be most stable at pH 6 
to 7. A solution of the coenzyme in 0.01 Mm sodium acetate 
buffer, pH 6.0, was heated at 100° for 20 minutes without ap- 
preciable loss of activity. Dilute neutral solutions have been 
stored for many months at —10° without large loss of activity. 
No method is presently available for determining a small per- 
centage loss of activity over long periods. In handling stock 
solutions we normally keep the temperature at or below 0°, but 
short exposures to higher temperatures are not harmful. 

The coenzyme is unstable in acid solution, apparently as a 
result of the lability of the bond between ribose and adenine. 
Treatment with 0.07 n HCl at 85° for 10 minutes caused over 
90% loss of activity. A 1-hour exposure to a solution of pH 2 
at 3° did not cause significant decomposition, but storage of the 
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Fig. 5. Light inactivation of the coenzyme. Aliquots of 1 ml 
of a 1.2 X 10-* m solution of adenylcobamide coenzyme, about 
10% pure, were exposed to (a) a 100-watt tungsten filament lamp 
at a distance of 20 inches, (b) a Westinghouse Sterilamp G15TS 
at a distance of 12 inches, or (c) no light. The solutions were kept 
at 0°. Coenzyme activity was determined on aliquots of 0.2 ml 


by the spectrophotometric assay after the indicated exposure 
times. Relative activity is expressed as percentage of the zero 
time activity of the coenzyme solution. 
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same solution for 3 days at —10° resulted in a 50% loss of ac- 
tivity. Adsorption of the coenzyme on Dowex 50 in the acid 
form caused almost complete inactivation in 60 minutes at 0°. 

The coenzyme is moderately unstable in alkaline solution, 
Exposure to 0.1 n NaOH for 3 minutes at 100° caused a 50% 
loss of activity. However, exposure to a solution of pH 10.5 
for 3 hours at 3° did not cause an appreciable decline in activity, 

We have already reported that the coenzyme is rapidly in- 
activated by visible light (1). No quantitative data on the rela- 
tion between wave length, light intensity, and inactivation rate 
are available, but a rough description of light conditions causing 
inactivation may be useful as an indication of the precautions 
necessary in handling the coenzyme. Direct sunlight caused 
complete inactivation of an approximately 5 XK 10-* M coenzyme 
solution within 10 minutes. A 100-watt tungsten filament lamp 
with a reflector, at a distance of 13 cm, caused 50% inactivation 
of a similar coenzyme solution kept at 0° in 12 minutes. Fig. 5 
shows the results of an experiment in which one aliquot of a 
coenzyme solution was exposed to a tungsten filament lamp while 
another was exposed in a silica cuvette to a source of ultraviolet 
light, which emitted relatively intense light at 2537 my and much 
less intense visible light. Both lamps inactivated the coenzyme 
at about the same rate, indicating that visible light was as 
damaging as 2537 my ultraviolet light. Inactivation was also 
caused by bands of light in the region of 460, 500, or 540 mu 
produced by a Beckman spectrophotometer with a 2-mm slit 
opening. A band of light in the region of 580 mu was much less 
effective, and light near 620 my caused no significant inactivation 
during a 15 minute exposure. Pyrex “low actinic” red glass- 
ware removed at least 95% of the inactivating light derived from 
a tungsten filament lamp. These results are consistent with the 
view that any visible light absorbed by the coenzyme (see Fig. 
4) causes inactivation. 

The instability of the coenzyme toward cyanide ion, which has 
already been noted (1), will be considered in some detail in a 
subsequent paper. 


Components of Coenzyme 


Cobalt—This element was identified in the 12-2 coenzyme 
preparation by means of a General Electric Company x-ray 
fluorescence spectrograph model XRD-5.4 A molybdenum target 
was used in the x-ray tube; the instrument was equipped with a 
lithium fluoride analyzing crystal; and the intensity of reflected 
x-rays was determined with an argon-filled Geiger tube. A 
sample containing 0.15 umole of adenylcobamide coenzyme was 
dried in a thin film on a copper planchet. Qualitative and 
quantitative comparisons were made with two cobalt standards 
containing 0.12 and 0.18 umole of CoCle. 

Both the CoCl. standards and the coenzyme sample gave 
sharp CoK, reflections at an angle of 52.8°. The intensity of 
radiation at this angle was approximately 4 times that of the 
background. The results clearly establish the presence of co- 
balt in the coenzyme. Comparison of the intensities of CoKa 
reflections of the standards and the sample indicated that the 
coenzyme contained approximately 1 mole of cobalt per mole 
(Table IV). 

Phosphate—Total phosphate was determined by the method 
of Fiske and SubbaRow (14) after wet digestion of the sample 


4 We are indebted to Dr. C. C. Delwiche, Kearney Foundation, 
University of California, for carrying out this determination. 
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in a HoSOy-HNO; mixture (15). The results (Table IV) show 
that the coenzyme contains 1 mole of phosphate. 

Ribose—The presence of a pentose in the coenzyme was indi- 
cated by a positive orcinol reaction. Tentative identification of 
the pentose with ribose was made by paper chromatography 
after acid hydrolysis of the coenzyme. Approximately 0.25 
umole of the 6-16 coenzyme preparation was hydrolyzed in 1 N 
HCI for 1 hour at 100°. The solution was evaporated to dryness 
in a vacuum over solid sodium hydroxide to remove excess HC] 
water was added, and the process was repeated once. Th 
residue was dissolved in 0.1 ml of water and aliquots of 0.03 ml 
were used for descending paper chromatography with 80% 
(weight per volume) aqueous phenol as solvent. The sugar 
spots were visualized by spraying with 1% alcoholic aniline 
phthalate and heating. The coenzyme hydrolysate gave a single 
spot (Rp 0.53) after spraying, which did not separate from ribose, 
but could easily be separated from xvlose (Ry 0.36) and arabinose 
(Rp 0.44). 

Quantitative determination of pentose was done by the orcinol 
method (16). Heating at 100° for 40 minutes was found to give 
maximum color development. The high acid concentration of 
the reagent made preliminary hydrolysis of the sample unneces- 
sary. Since absorbancy readings on the orcinol reaction product 
were made at 670 my, the coenzyme color did not interfere with 
the determination. In one experiment, the coenzyme was hy- 
drolyzed by acid before the orcinol analysis and the resulting 
pentose and orthophosphate were separated from the red hy- 
drolysis products by passage over a small Dowex 50, pH 3 column 
as described in connection with the identification of adenine. 
The pentose was then determined by the orcinol method in the 
appropriate eluate fractions. Both methods gave similar results 
(Table IV). 

Adenine—This purine was identified as a product of acid hy- 
drolysis of the 10-31 coenzyme preparation. A solution contain- 
ing 1.2 umoles of coenzyme was evaporated to dryness, dissolved 
in 20 ml of 0.5 N HCI, and heated at 100° for 1 hour. The excess 
hydrochloric acid was removed by twice concentrating the solu- 
tion to dryness under reduced pressure. The sample was dis- 
solved in 20 ml of 0.01 N HCI and passed into a 15 cm high xX 
1.0 em diameter column of Dowex 50, pH 2.5, 2% cross-linked, 
200 to 400 mesh. The column was eluted successively with 0.03 
mM sodium acetate, pH 4.8 (Fractions 4 to 13), 0.06 mM, pH 5.2 
(Fractions 14 to 25), 0.03 m, pH 6.0 (Fractions 26 to 38), and 0.1 
M, pH 7.2 (Fractions 39 to 50). The volume of each fraction 
was approximately 11 ml. The compound identified as adenine 
was eluted in Fractions 31 to 38 as a conspicuous 260 my ab- 
sorbancy peak which preceded and partially overlapped a smaller 
peak containing a red compound. The combined peak fractions 
were treated with 2 ml of acid-washed charcoal which adsorbed 
the ultraviolet-absorbing compound. After washing the char- 
coal with a little water, the compound was eluted in 50% yield 
by shaking the charcoal three times with 20 ml of 60% (volume 
for volume) ethanol. The eluate solution was concentrated to 
about 0.5 ml and aliquots were used for paper chromatography 
and paper electrophoresis. In paper chromatography, the un- 
known and adenine showed identical Ry values of 0.58 with sec- 
butanol-acetic acid-water (127:1:50) as a solvent and 0.52 with 
sec-butanol-concentrated ammonia-water (132:1:50). In paper 
electrophoresis the same rates of movement were obtained with 
the unknown and adenine with the use of 0.075 m sodium borate 
and 0.1 mM ammonium formate, pH 3.8, respectively, as solvents. 
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TaBLe IV 
Components of adenylcobamide coenzyme 


The coenzyme concentration was calculated from the absorb- 
ance at 263 my and the molar absorbancy coefficient given in the 


text. The components were estimated as described in the text. 
Component ‘Samples analyzed Range Average 
moles/mole moles/mole 

Cobalt 1 1.0 
Phosphate 3 0.92-1.06 0.97 
Pentose 4 0.89-1.10 1.00 
Adenine 2 1.96-2.03 1.99 
Cyanide 2 0.00 


The spectrum of the unknown was characteristic of that for 
adenine, showing an absorption maximum at 259 muy in acetate 
buffer, pH 6.0, and at 268 my in 0.1 n KOH. 

The yield of adenine in the above experiment was estimated 
from the absorbancy of the peak fractions at 260 my and the 
molar extinction coefficient of 13.6 x 10° cm? per mole, after 
making suitable corrections for slight contamination by the ad- 
jacent red peak, to be 2.0 moles per mole of coenzyme. The 
adenine content of another coenzyme sample was determined, 
after acid hydrolysis and without separation of adenine, by the 
colorimetric method of Loo and Michael (17); the same value 
was obtained. 

Adenine was the only colorless, ultraviolet light-absorbing com- 
pound that could be detected by paper chromatography as a 
product of vigorous acid hydrolysis of the coenzyme. 

Cyanide—In a previous paper (1) the adenyleobamide 
coenzyme was reported erroneously to contain cyanide. This 
report was based upon cyanide determinations by a modification 
of the method of Aldridge (18) which was shown to give reliable 
results with potassium cyanide and with cyanocobalamin. The 
first analyses of coenzyme preparations indicated a cyanide con- 
tent of approximately 1 mole per mole of cobamide. However,. 
subsequent analyses by this method gave highly variable results 
with the coenzyme, apparently because of the formation of an 
interfering colored product by the action of bromine on the co- 
enzyme. This method of cyanide estimation was therefore aban- 
doned in favor of the excellent method of Boxer and Rickards 
(19). By the latter method we were unable to detect any cyanide | 
in the coenzyme. Suitable control experiments demonstrated 
that the presence of adenylcobamide coenzyme does not inter- 
fere with the estimation of cyanide in cyanocobalamin. We 
conclude that the coenzyme does not contain cyanide. 


DISCUSSION 


The spectrophotometric cobamide coenzyme activity assay 
made possible the detection and isolation of the cobamide coen- 
zymes (1, 4). Since the assay is not strictly specific either for a 
particular cobamide coenzyme or for cobamide coenzymes as a 
group, it must be used with discrimination. Fortunately, the 
assay is completely unresponsive to various forms of cobamide 
vitamins. Consequently the estimation of cobamide coenzymes 
in the presence of cobamide vitamins presents no problem under 
otherwise favorable conditions. Like most assay methods based 
on catalytic function, the precision of this method is not high. 
However, with experience and care, samples containing a con- 
venient level of coenzyme activity and a low concentration of 
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interfering substances, can be compared with an accuracy 
of +5%. 

The method of adenylcobamide coenzyme purification herein 
described is the simplest and most effective of several methods 
we have tried. We have tested other adsorbents, such as char- 
coal and alumina, for the concentration and purification of the 
coenzyme. Both charcoal and alumina adsorb the coenzyme 
strongly. When a small amount of coenzyme was adsorbed on 
charcoal it could not be recovered by elution with water, 50% 
ammoniacal acetone, or dilute pyridine solution. When a rela- 
tively larger amount of coenzyme was adsorbed on charcoal, a 
part of it could be eluted with ammoniacal acetone, though the 
yield was relatively low (~60%). Adsorption on alumina and 
elution with distilled water permits substantial purification of the 
coenzyme and separation from most of the amino acids present 
in crude extracts. However, since the capacity of alumina is 
low compared to Dowex 50, a relatively large column and a very 
large volume of eluting water are required. Also the product 
is heavily contaminated with impurities eluting from alumina. 
For these reasons we have abandoned the use of charcoal and 
alumina. 

The limiting step in our procedure of coenzyme preparation is 
the growth of C. tetanomorphum. If the bacteria were available 
in unlimited amount, the coenzyme could easily be prepared on 
a 10-fold larger scale with only slight modifications of the pro- 
cedure. The capacity of the Dowex 50, pH 2.5 column, in par- 
ticular, is much greater than might be inferred from the data 
presented. In other experiments, we have successfully purified 
over 100 uwmoles of a cobamide coenzyme on a 1 cm diameter 
column. The maximum capacity of the column for this type of 
separation has not been determined. 

The purification procedure described above easily separates 
the adenylcobamide coenzyme from the commonly encountered 
forms of cobamide vitamins. The coenzyme can also be sepa- 
rated from some other cobamide coenzymes on a Dowex 50 
column. For example, the benzimidazolyl cobamide and 5,6- 
dimethylbenzimidazolyl cobamide coenzymes (4) are slightly less 
basic than the adenylcobamide coenzyme and are readily sepa- 
rated from it. However, other cobamide coenzymes, which are 
known to exist but have not yet been studied in detail, may not 
separate readily from the adenylcobamide coenzyme on a Dowex 
50 column. 

The purity of the coenzyme obtained by our procedure is de- 
pendent in part upon the length of the Dowex 50, pH 2.5 column 
used in the final fractionation. A column less than 100 cm in 
length does not adequately separate the coenzyme from a closely 
related but inactive compound that elutes a little more slowly. 
A 160 cm column separates most of this compound from the 
coenzyme. Since the two substances have similar absorption 
spectra, the presence of the inactive compound in a coenzyme 
preparation cannot be detected by an examination of the 
spectrum of the mixture. It can be detected, rather laboriously, 
by refractionating a sample on an analytical column of sufficient 
length, or, more conveniently, by comparing the apparent specific 
activity of the preparation with that of a highly purified coen- 
zyme sample. 

The analytical data given in Table IV indicate that the co- 
enzyme contains approximately 1 mole each of cobalt, phos- 
phate, and pentose and 2 moles of adenine. In addition to es- 
tablishing the composition of the coenzyme, these data show that 
the molar extinction coefficients, used to estimate the amount of 
coenzyme in each analysis, are essentially correct. 
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The presence of adenine in the adenylcobamide coenzyme 
indicates a relation to pseudovitamin By. This relation igs 
further demonstrated by the shape of the ultraviolet and visible 
absorption spectrum of the compound in the presence of alkaline 
cyanide, which is typical, above 320 my, of the dicyanocobamides, 
However, the coenzyme can be readily distinguished from pseu- 
dovitamin By. by its spectrum, by various physical properties 
and by the absence of cyanide and the presence of a second mole 
of adenine in the molecule. The relation to vitamin Bi: will be 
considered in more detail in a later paper. Here we wish only 
to point out that the second adenine may be attached to cobalt 
in the coordination site sometimes occupied by cyanide. 

The activity of the adenyleobamide coenzyme in supporting 
the growth of the E. coli mutant was found to be significantly 
greater than that of the structurally related growth factor pseu- 
dovitamin Biz. This result appears to exclude the possibility 
that pseudovitamin By: is an intermediate in the utilization of 
the coenzyme. 


SUMMARY 


Methods are described for the assay and purification of an 
adenyleobamide coenzyme which is required for the enzymatic 
conversion of glutamate to 8-methylaspartate. The coenzyme 
has been obtained in highly purified form from cells of Clostridium 
tetanomorphum in 37% yield and in amounts of about 8 umoles 
per kg of moist cell paste. The coenzyme has been shown to 
contain 1 mole each of cobalt, phosphate, and ribose, 2 moles of 
adenine, and no cyanide. Several properties of the coenzyme 
are described. Both its spectrum and its instability in visible 
light are distinctive properties. 
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Correlation between the tissue distribution of radioactive and 
nonradioactive vitamin By, is important for the acceptance of 
Co®-vitamin Bz as a physiological tracer. Previous work has 
been limited to an analysis of one or two visceral tissues or body 
fluids (1-7). As a prelude to the study of the placental transfer 
of vitamin By: and its relative tissue distribution in malignancy, 
the comparative distribution of nonradioactive and radioactive 
vitamin Bi, after administration of tracer doses of Co®-vitamin 
Biz was studied in the dog. It was found that the distribution 
of radioactivity closely paralleled the total vitamin By: content 
of the viscera, and that the pituitary, kidney, and pancreas were 
the sites of the greatest vitamin B,2 concentration. 


EXPERIMENTAL 
Materials 

The two littermate mongrel dogs, a male weighing 6 kg and a 
female weighing 5 kg, were studied. Each dog received daily, 
on 5 successive days by subcutaneous injection into the upper 
left thigh, a solution of 0.135 ug of Co®-vitamin Bi containing 
0.0967 ye of Co® in 0.13 ml of 0.9% sodium chloride solution. 
The dogs were scanned daily for radioactivity over the hepatic 
area and site of injection with a probe type Nal scintillation 
counter as previously described (8). The dogs were killed 14 
days after the last injection, at which time a reasonably good 
distribution of the vitamin should have occurred, since the radio- 
activity over the hepatic area reached a maximum within a week 
after the last injection. ‘The organs and tissues were then care- 
fully dissected out, cleaned, weighed, and frozen until prepared 
for assay. 


Methods 


Tissue Preparation—The organs and tissues were individually 
homogenized in a Waring Blendor with carefully measured 
amounts of distilled water. Two aliquots of each homogenate 
were added to 57- X27-mm screw top glass vials which were pre- 
viously tared and counted for radioactivity. Small organs, such 
as the pituitary and adrenals, were minced in entirety and sus- 
pended as uniformly as possible in agar in 50- X16-mm screw 
top glass vials. 

Radioactivity Counting—The radioactivity of homogenized 
samples were determined in a well type scintillation counter con- 


* Aided in part by grants from the Playtex Park Research In- 
stitute, the National Institute of Arthritis and Metabolic Diseases 
(A-1071), and the Division of Cancer Control and Research, New 
York City Department of Health. 


taining a 3-inch thallium-activated sodium iodide crystal with 
a 1j- X1}-inch well. Each specimen was counted for a minimum 
of 10,000 counts. Two aliquots of each organ sample were 
counted in duplicate and the results averaged. Radioactivity 
standards were prepared from carefully measured amounts of 
Co®-vitamin By; from the same batch used for injection of the 
experimental animals. The Co®-vitamin B,: standards consisted 
of 0.00512 and 0.00102 yg of vitamin B,2 containing 0.00365 and 
0.000729 ue of radioactivity, respectively. To provide equiva- 
lent geometry, these were diluted in sufficient distilled water to 
fill the 57- X27-mm and 50- X16-mm glass vials used for speci- 
men counting. Background and standardization counts were 
obtained before and after each specimen count, or every 2 hours 
when many specimens were counted consecutively. The radio- 
activity of the specimens was corrected for physical decay of the 
Co® and the results were calculated as uc of radioactivity per g 
of wet tissue and per total organ weight. Microcuries of Co® 
were converted to micrograms of Co®-vitamin By; from the radio- 
active specific activity of the Co®-vitamin Bi: employed. 

Microbiological Assay—To extract vitamin B;2 from the tissue 
samples, a homogenate of 1 g of tissue with 100 ml of extracting 
solution was prepared and autoclaved for 15 minutes at 15 pounds 
pressure. The extracting solution consisted of 1.29 g of disodium 
phosphate, 1.1 g of citric acid, and 0.1 g of sodium metabisulfite 
per 100 ml of water (9). After being cooled and centrifuged, 
the supernatant from the homogenate was neutralized and diluted 
as necessary with triple distilled water and assayed for vitamin 
Bi2 as described below. 

A second aliquot of each supernatant was adjusted to pH 12 
and autoclaved for 30 minutes at 15 pounds pressure, cooled, 
neutralized, and also assayed for vitamin By. The residual mi- 
crobiological activity is caused by nucleosides (10). The value 
obtained after alkali treatment, which decomposes vitamin Bj, 
was subtracted from that of the first aliquot to give true vitamin 
Bye activity. 

The glassware used throughout the microbiological procedure 
was washed with detergent and triple distilled water, soaked in 
a 0.125% solution of ethylenediaminetetraacetate of pH 7.5 and 
rinsed several times with fresh triple distilled water to eliminate 
vitamin Bi: that may have contaminated the glassware. 

Vitamin Bi: was assayed microbiologically employing Lacto- 
bacillus lactis Dorner ATCC 8000 by the method of Cooperman 
et al. (11) with the following modification which permits reading 
the assay at the end of 16 hours instead of the original 40 hours, 
and increases the sensitivity so that as little as 3 ug per ml can 
be measured. A total of 2 ml of liquid, consisting of one ml of 
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medium and one ml of sample plus triple distilled water, was amount of both vitamin By and radioactivity. Next in order los 
added to 13- X100-mm test tubes and autoclaved for 6 minutes was the gastrointestinal tract, which contained only about one- - 
at 15 pounds pressure. After cooling, the tubes were inoculated third as much as the liver. Surprisingly, more than half the act 
and allowed to incubate at 37° for 16 hours. Growth was cal- vitamin Biz and radioactivity of the gastrointestinal tract resided , 
culated from turbidity read in a colorimeter with a 660-my filter. in the stomach. The heart and kidneys had appreciable quan- - 
| tities; and the vitamin By: content of the heart was comparable th: 
ee to that of the kidney. pre 
The data for the distribution of radioactivity and microbio- Of the brain sections studied, the cerebrum had about 10 times - 
logically assayed vitamin By, are presented in Table I. Itisap- the vitamin By and radioactivity of other areas of the brain, 7 
parent from these data that the liver contained the largest  7.e. cerebellum, medulla, and pons. In one dog, the corpus cal- “er 
act 
TABLE of 
Comparison between total content of visceral organs with tissue concentration of microbiologically assay vitamin B,2 and radioactivity from ( 
parenterally administered Co®-vitamin Bi2 tn dog Ta 
Visceral organ systems have been listed in order of greatest vitamin B;2 content. vis 
Total Biz Total radioactivity Biz concentration Radioactivity concentration a 
Dog 1 Dog 2 Dog 1 Dog 2 Dog 1 | Dog 2 Dog 1 Dog 2 mu 
ug/organ uuc/organ ug/g 
13.25 27.87 58 ,020 68 ,048 0.072 0.094 315.1 229.6 sur 
Gastrointestinal tract: 
2.96 4.29 12,451 12,285 0.060 0.067 251.0 175.5 
0.91 0.51 4,009 2,717 0.017 0.015 74.5 56.9 
Duodenum and jejunum. ..... 0.96 1.35 3,431 2,859 0.022 0.032 78.5 68.0 of | 
0.36 0.83 2,172 7,319 0.011 0.010 66.9 62.9 I 
Colon, caecum, and rectum...| 0.34 0.75 1,601 2,346 0.013 0.019 62.0 42.4 Do 
OE 0.25 356.4 0.021 30.4 clu 
3.00 4.09 10,303 10,517 0.076 0.075 261.7 192.8 this 
2.61 3.95 7,975 10,486 0.099 0.103 302.2 276.1 
1.25 1.85 3,768 4,022 0.091 0.111 338.5 241.6 
Brain 
0.41 1.12 4,062 6,317 0.013 0.022 130.7 | 89.2 of t 
Corpus callosum.............. 0.16 1,748 0.014 108.6 by 
ene 0.07 978.0 659.3 0.014 101.2 rad 
Medulla and pons............ 0.07 0.04 639.0 674.5 0.013 0.013 114.9 80.6 spe 
Cervical spinal cord, section. ... 0.014 56.4 and 
Thoracic spinal cord, section... 0.012 45.2 are 
0.64 1.10 5,074 7,484 0.044 0.051 347.8 247.6 
Rs oe 0.22 0.36 1,012 1,134 0.011 0.013 53.9 29.2 
Thigh muscle, section.......... 0.012 34.9 Con 
Neck muscle, section. .......... 0.011 0.008 36.9 14.2 
Parotid and salivary glands..... 0.10 0.05 523 170 0.025 0.026 126.3 121.6 op 
0.078 0.18 630.0 918.3 0.023 0.025 184.8 125.5 
0.030 0.10 313.4 358.7 0.041 0.099 186 256.6 
0.005 0.01 51.0 51.0 0.013 0.017 121.5 82.3 
OOF 0.0014 0.016 16.6 32.4 0.323 0.420 1,410 875.5 
Cervical lymph node, section. .. : 3 0.025 145.5 
Thoracic lymph node, section... 0.026 158.0 vanes 
0.47 2,247 0.030 144.8 Live 
0.13 323.2 0.044 111.5 Gas 
0.021 140.1 0.020 136.0 Hea 
0.030 134.8 0.019 78.8 Kid 
Urinary bladder................ 0.05 0.06 155.1 143.8 0.017 0.011 49.7 28.4 Pan 
i 0.007 49.9 0.012 81.7 Lun 
0.0038 | 0.0040 12.5 11.1 Brai 
Ascending aorta, section........ 0.012 0.013 59.8 27.2 -_ 
ee ees 28.48 51.60 124,373 146, 564 
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losum and the cerebrum were assayed independently; greater 
amounts of microbiologically determined vitamin Bj, and radio- 
activity were found in the cerebrum. 

Although the kidney and pancreas of the dog have a larger 
concentration of vitamin B;2 and radioactivity per gram of tissue 
than the liver, as we (8) and Glass and Mersheimer (12) have 
previously reported, the liver contains a higher total content be- 
cause of its larger size. 

In Table II are listed the eight organs; 7.e. liver, gastrointes- 
tinal tract, heart, kidneys, pancreas, lungs, brain, and spleen, 
which accounted for over 95% of the total vitamin B;2 and radio- 
activity of the viscera assayed. The liver possessed about 50% 
of this total amount. 

Of particular importance is the demonstration, presented in 
Table II, that the distribution of radioactivity in the eight major 
visceral stores of the dog paralleled that of the vitamin By. con- 
tent. This was also true for the other tissues studied. 

The vitamin B,2 content and the radioactivity of the entire 
musculature were not determined. However, representative 
samples of muscle indicated that the average B;2 content was 0.01 
ug per gram and the radioactivity 40 wuc per gram. If the as- 
sumption that approximately 40% of the animal’s weight is mus- 
cle (18) is accepted, then the total musculature of Dog 1 
contained 20 ug of vitamin Bie and 80,000 uc of radioactivity ; 
of Dog 2, 24 uug of vitamin Bye and 96,000 wuc of radioactivity. 
_ Recovery of injected radioactive vitamin By, in the viscera of 
Dog 1 and Dog 2 was 26% and 30% respectively. If one in- 
cludes the estimated content of the musculature, the recovery 
was 42% for Dog 1 and 50% for Dog 2. For the purposes of 
this study no attempt was made to estimate the amounts of ad- 
ministered Co®-vitamin By2 excreted or residing in such other 
areas as bone, skin, blood, and bone marrow. 

A comparison of the vitamin B,. content and the radioactivity 
of the various glands in the dog revealed that the pituitary was 
by far the most concentrated source of vitamin Biz as well as of 
radioactivity. In order to determine whether pituitaries of other 
species also had a high vitamin Biz concentration, specimens 
were obtained from rats, rabbits, and a human infant at autopsy 
and assayed microbiologically as described above. The results 
are shown in Table III. It is apparent that the pituitary gland 

| 
TaBLeE II 
Comparative distribution percentage of total microbiologically 
assayed vitamin By2 and radioactivity after parenteral adminis- 
tration of Co®-vitamin By2 in eight major visceral tissue stores of 
vitamin tn dog. 


Total Biz of organs (Total radioactivity of 
assayed organs assayed 
Dog 1 Dog 2 Dog 1 Dog 2 

% % 

46.5 54.0 46.6 46.4 
Gastrointestinal tract..... 19.4 15.5 19.0 16.7 
4.4 3.6 3.0 2.8 
97.7 95.9 97.2 96.4 
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TABLE III 


Vitamin B,2 concentration of pituitaries of different species 
determined by microbiological assay 


Species Biz concentration 
ug/g 
0.270 
0.203 


in these other species also had extremely high vitamin B,» con- 
centrations. 

Among the other glands examined, the adrenals had the next 
highest concentration of radioactivity and vitamin B;2, whereas 
the thyroid appeared to contain the lowest concentration. 
Wider et al. (14) have also recently reported that in rats fed Co®- 
vitamin By: the adrenals had a relatively high concentration of 
radioactivity. 


DISCUSSION 


Attempts to establish that the cobalt of Co-®°-vitamin B,, does 
not dissociate from the remainder of the vitamin molecule, thus 
making Co®-vitamin Bi a valid physiological tracer, have been 
made in a limited number of viscera or body excretions by de- 
termining the relationship between vitamin By: and radioactivity 
in these materials. Analysis of kidney, liver, urine, and feces of 
animals and humans who were given Co®-vitamin By», by com- 
paring the mobility of the radioactivity with that of vitamin Bj, 
in paper chromatograms, indicates that the radioactivity in these 
materials has a mobility similar to that of crystalline nonradio- 
active vitamin By, rather than to that of inorganic cobalt (1, 
4-6, 7). Similarly, by comparing the increase in radioactivity 
and microbiologically determined vitamin By: in the urine of rats 
after administration of Co®-vitamin By, it was found that 
changes in the radioactivity varied directly with changes in the 
vitamin B,2 content (2, 3). 

It would appear reasonable a priori to expect that a similar 
relationship exists for other body tissues, but this might not nec- 
essarily be the case. One of the purposes of this study was to 
analyze all the viscera of an experimental animal after the ad- 
ministration of Co®-vitamin By. for both radioactivity and mi- 
crobiologically determined vitamin By in order to determine 
whether the distribution of radioactivity parallels the distribution 
of nonradioactive vitamin Biz. Our studies establish for the first 
time that the radioactivity of Co®-vitamin By: distributes itself 
in all the viscera in a fashion analogous to that of the distribution 
of vitamin Biz. That this parallelism is not due to a coinciden- 
tally similar distribution of vitamin By, and inorganic cobalt 
appears clear from the data presented by Comar and Davis (15, 
16) on the distribution of radioactive inorganic cobalt in the cow, 
swine, and rabbit. After parenteral administration of inorganic 
Co® salts, a pattern of distribution distinctly different from that 
of vitamin B,2 was found. For example, the brain and pituitary 
had little or no radioactivity ; the thyroid and large intestine had 
very large concentrations of radioactivity; the stomach had very 
little. In contrast, when radioactive Co®-vitamin B,2 was ad- 
ministered to the dog, the pituitary had the greatest concentra- 
tion of radioactivity of all the viscera, and the brain and stomach 
had a very large concentration, whereas the thyroid and large 
intestines were very low in radioactivity. 
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Thus it appears reasonable to conclude that determination of 
radioactivity in any visceral organ after administration of Co®- 
vitamin By: reflects the distribution of vitamin B,, in that tissue. 

It is of interest that of ail the viscera examined, the pituitary 
contained approximately 4 times as much concentration of vita- 
min By;, as the kidney. After the pituitary, the kidney tissue in 
the dog contained the greatest concentration of vitamin By: per 
gram. Very high pituitary concentrations of vitamin Bi: were 
also found in three other species, the human, the rat, and the 
rabbit (Table III). The significance of the great pituitary con- 
centration of vitamin Bi; is still to be determined. The concen- 
tration of vitamin By: in the adrenal was relatively high, whereas 
that in the thyroid was surprisingly very low. It would be of 
interest to determine whether the amount of vitamin B,2 concen- 
tration of a tissue is related to the mitochondrial density of the 
cell where the vitamin Bi: is located, or to the particular meta- 
bolic rate or function of the tissue. 

There has previously been little emphasis on the fact that the 
heart is among the organs which are highest in vitamin B,2 con- 
centration per gram of tissue was well as on a total organ basis. 
In the dog the concentration per gram was approximately 7 to 8 
times that of skeletal muscle. 

The modification of the microbiological assay for vitamin By; 
with the use of L. lactis Dorner as described in this paper in- 
creases the usefulness of this assay for the determination of the 
vitamin By: content of tissues and body fluids by increasing the 
sensitivity and rapidity of the assay as originally described (11). 
The sensitivity, at least 5 times greater than that of the previous 
procedure, brings this assay into the sensitivity range of 
the Euglena and Ochromonas techniques (17). It has a practical 
superiority over the latter methods in that conditions for per- 
forming the assay are less critical and the procedure requires only 
16 hours to obtain results. Specificity of the L. lactis assay for 
vitamin By; in serum is excellent because the nonspecific stimu- 
lators in serum are of such low magnitude that they do not ma- 
terially affect results (9). By the use of an alkaline hydrolysis 
“control” (10), specificity in tissues is attained because pseudo- 
vitamin-B,, occurs essentially in fermentation broths. 


SUMMARY 


The relative distribution of radioactivity in the viscera of the 
dog after administration of Co®-vitamin By: is directly propor- 
tional to their vitamin B,, content. This further establishes the 
validity of Co®-vitamin Biz as a physiological tracer. 
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Comparative distribution of vitamin B,2 in the viscera showed 
the pituitary gland to contain the greatest concentration per gram 
of tissue. Next in order were the kidney, pancreas, liver, and 
heart. In order of greatest total organ vitamin B,2 content were 
the liver, gastrointestinal tract, heart, kidneys, pancreas, lungs, 
and brain. 

An improvement of the Lactobacillus lactis microbiological] as- 
say for vitamin By is described, which increases its sensitivity 
and decreases the time required for completion. 
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Tetrahydrofolic Acid* 


L. D. Kay, M. J. Ossporn,t Y. Hateri,f anp F. M. HuENNEKENS 


From the Department of Biochemistry, University of Washington, Seattle 5, Washington 


(Received for publication, September 21, 1959) 


The enzymatic conversion of N*-formy] tetrahydrofolic acid 
(folinic acid) to N?°-formyl tetrahydrofolic acid according to 
Equation 1 was first demonstrated by Greenberg (2, 3) in pigeon 
liver extracts. 


N5-Formy] tetrahydrofolate + ATP — 
N?°-formyl tetrahydrofolate + ADP + Pj; 


The product, N!°-formy] tetrahydrofolate, was identified by its 
utilization for purine biosynthesis or by its conversion through 
air oxidation to N?°-formyl folate; ADP and P; were inferred 
as reaction products of ATP. Recently, Peters and Green- 
berg (4, 5) have reinvestigated this reaction with sheep liver 
preparations, and have utilized the product, N?-formy] tet- 
rahydrofolate, after enzymatic reduction, as a source of ‘“‘ac- 
tive formaldehyde”’ for serine biosynthesis. These investigators 
concluded that AMP and PP;, rather than ADP and Pi, were 
the products of ATP breakdown in reaction (1). Both groups 
(3, 5) have presented evidence for the participation of the bridge 
compound, N!°-metheny] tetrahydrofolate as an intermediate 
in Reaction 1, and have suggested that the over-all reaction oc- 
curs in two steps: 


N5-Formy] tetrahydrofolate + ATP + Ht — 
(N5,N!°-metheny] tetrahydrofolate)t (2) 
+ ADP + P; (or AMP + PPi) 
(N5,N}0-Methenyl tetrahydrofolate)+ + — 
N'°-formy]l tetrahydrofolate + H+ 


(1) 


(3) 


The enzymes catalyzing Reactions 2 and 3 are cyclodehydrase (5) 
(cf. cyclodeaminase (6), which converts N*-formimino tetra- 
hydrofolic acid to N°, N}°-metheny] tetrahydrofolate) and cyclo- 
hydrolase (6). 

The present communication describes the partial purification 
and properties of an enzyme system from chicken liver which 


* Paper VIII in the series ‘“‘Folic acid coenzymes and active 
one-carbon units.’’ For Paper VII see Osborn and Huennekens 
(1). This work has been supported by grants from the United 
States Public Health Service (CY-3310) and the Life Insurance 
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Metabolic Diseases, United States Public Health Service. Pres- 
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New York. 
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carries out the over-all reaction shown in Equation 1. The sys- 
tem differs from those described above in that no cyclohydrolase 
activity can be demonstrated in the preparation, and no NV‘, N?°- 
metheny! tetrahydrofolate appears during the course of the re- 
action. 


EXPERIMENTAL 


Materials—N*-Formy] tetrahydrofolate (folinic acid, leuco- 
vorin) was generously provided by Dr. E. L. R. Stokstad of the 
Lederle Laboratories. N*,N!°-Methenyl tetrahydrofolate and 
N’°-formy] tetrahydrofolate were prepared chemically from N°- 
formyl] tetrahydrofolate (7, 8). Tetrahydrofolic acid was pre- 
pared by the catalytic hydrogenation of folic acid in glacial 
acetic acid (9,10). AMP, ADP, ATP, TPN, TPNH, DPN, and 
DPNH were products of the Sigma Chemical Company. Phos- 


-phoenol pyruvate was obtained from the California Foundation 


for Biochemical Research, and was also generously supplied by 
Dr. D. D. Chapman. The twice recrystallized silver-barium 
salt of this material was converted to the sodium salt by passage 
through a column of Dowex 50 resin; the tricyclohexylamine salt 
was used without further purification or conversion to the sodium 
salt. Calcium phosphate gel was prepared by the method of 
Keilin and Hartree (11). 

Preparations—Acetone powders of chicken,! beef, and pigeon 
liver were prepared by previously described methods (10, 12). 
Lactic dehydrogenase, containing pyruvic kinase, was purchased 
from the Worthington Biochemical Company. 

Methods—The conversion of N*-formyl tetrahydrofolate to 
N**-formyl tetrahydrofolate may be followed by means of a 
simple spectrophotometric assay. From the absorption spectra 
of the three formy] derivatives of tetrahydrofolate (cf. Fig. 1), 
it is evident that Reaction 1 involves a large change in optical 
density in the region of 287 my, the absorption maximum of 
N*-formyl tetrahydrofolate.2 However, the assay is actually 
performed at 295 muy in order to minimize interference by ATP 
and proteins, which absorb in the region of 260 to 280 mu. The 
change in optical density at 295 my is expressed as AF 295. Since 
synthetic N*-formy] tetrahydrofolate is a pL-mixture due to the 
asymmetric center at the C-6 position, only 50% of the material 


1 Unless otherwise specified all experiments reported in this 
paper were carried out with chicken liver preparations. 

2 Since N°, N!°-metheny] tetrahydrofolate also has a much lower 
absorption than N°-formyl] tetrahydrofolate in the region of 287 
mu, the assay is equally applicable for those systems where the 
former compound appears as an intermediate. 
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will react enzymatically. The conversion of 50% of the N°- 
formy] tetrahydrofolate to N?’°-formy] tetrahydrofolate results 
in a net AE og; of about 35%. 

The assay system consisted of the following components added 
to a l-cm silica cuvette: 0.12 umole of pLt-N *-formy] tetrahydro- 
folate, 10 wmoles of ATP, 2 wmoles of Mg++, 30 wmoles of 2- 
mercaptoethanol, 150 wmoles of potassium maleate buffer, pH 
7.0, and water to make a volume of 2.9 ml. The optical blank 
cuvette was identical except for the omission of N *-formy] tetra- 
hydrofolate. To both cuvettes 0.1 ml of enzyme was added to 
start the reaction, and the change in optical density was followed 
at 295 mu. The reaction rate was linear until about 90% of the 
theoretical amount of substrate had disappeared. The rate was 
corrected for optical density changes occurring in the absence of 
either enzyme or ATP; these corrections were very small. The 
assay system cannot be used in the presence of hydroxymethy] 
tetrahydrofolic dehydrogenase (10) or N°-formy] tetrahydrofolic 
deacylase (13) since these enzyme systems convert N?!°-formyl 
tetrahydrofolate either to hydroxymethyl] tetrahydrofolate or to 
tetrahydrofolate, both of which have absorption maxima near 
295 mu. 

A unit of enzyme is defined as that amount which causes a 
AE 2; of 0.001 per minute under conditions of the above assay. 
Protein was determined by measurement of the ratio of optical 
densities at 280 and 260 my (14). Specific activity is defined as 
units of enzyme per milligram of protein. 

Spectrophotometric experiments were carried out in the Beck- 
man spectrophotometer, model DU, with the use of cells of 1 cm 
optical path, except where it was desired to observe changes in 
the absorption spectra of the folic acid materials; in the latter 
case a Cary recording spectrophotometer, model 11M, was used. 

ADP was assayed by means of the combined pyruvic ki- 
naselactic dehydrogenase method (15). N?°- Formyl] tetrahy- 


240 260 280 300 320 340 360 380 400 
Wavelength (mz) 

Fig. 1. Absorption spectra of formyl derivatives of tetrahydro- 
folic acid. Spectra of N*-formyl and N°-formy] tetrahydrofolate 
were determined at pH 7.0; N*,N'°-metheny]l tetrahydrofolate at 
pH 1.0. 
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drofolate was estimated by conversion to N*,N!°- metheny] 
tetrahydrofolate (« = 22 X 10° cm? per mole at 356 my) after 
adjustment of the solution with acetate buffer to pH 3.5. Under 
these conditions N’°-formy] tetrahydrofolate, but not the 
formyl] derivative, is completely converted to N*,N'°-metheny] 
tetrahydrofolate in 30 minutes at room temperature. Al- 
though it has been reported (16) that N*,N?°-methenyl tetrahy- 
drofolate is converted to the ‘‘B-form” (Amax at 272 my, shoulder 
at 350 my) upon prolonged exposure to pH 4, this transition 
was not observed during the short term exposure to pH 3.5. 

Equilibria Involving Formyl Isomers of Tetrahydrofolate—It is 
well known (16, 17) that both the N'°-formyl and N*-formy] 
derivatives of tetrahydrofolate undergo ring closure to N°, N- 
metheny] tetrahydrofolate in the presence of acid (cf. Equations 
4 and 5). 


N?!°-Formy] tetrahydrofolate + H*t = 
tetrahydrofolate)* + H.O 

N*5-Formyl] tetrahydrofolate + Ht = (5) 
(N5,N?°-methenyl tetrahydrofolate)+ + 


Both reactions proceed at measurable rates, although at all pH 
values the rate of Reaction 4 is much faster than that of Re- 
action 5. Equilibrium constants for both reactions can be ob- 
tained by spectrophotometric measurements since the three 
formy] derivatives of tetrahydrofolate have markedly different 
absorption spectra (cf. Fig. 1). 

The data for these determinations are recorded in Table I. 
Reaction 4 was studied in both directions. In Experiments 1 
to 3, N*®,N!°-metheny] tetrahydrofolate was added to buffers at 
the indicated pH and its disappearance, as measured by the de- 
crease in optical density at 356 my, was followed until equilibrium 
was reached in approximately 30 minutes. Experiments 4 to 6 
began with the addition of N'°-formy] tetrahydrofolate to the 
buffers and the appearance of N*,N}°-metheny] tetrahydrofolate 
was followed. 

Reaction 5 was studied only in one direction, 7.e. from N*- 
formyl to N5,N?°-metheny! tetrahydrofolate, since the reverse 
reaction can be achieved only at elevated temperatures (18). In 
Experiments 7 to 11 the reaction was followed by adding N*- 
formyl] tetrahydrofolate to buffers and observing the appearance 
of N5,N-methenyl tetrahydrofolate. In this case, approxi- 
mately 24 hours were required to reach equilibrium. It should 
be noted that at these pH values there was no tendency for the 
bridge compound to reopen to N?°-formyl! tetrahydrofolate. 

The average values for the equilibrium constants for Reac- 
tions 4 and 5 are: Ky = (N5,N?°-metheny] tetrahydrofolate)*/ 
(N°-formy] tetrahydrofolate) (H+) = 0.9 10° and Ks; = 
tetrahydrofolate)+/(N*formyl tetrahydro- 
folate) (H+) = 6.5 10? 

From these values of the equilibrium constants for Reactions 
4 and 5, a value of Kg = (N?!°-formyl tetrahydrofolate) /(N*- 
formyl tetrahydrofolate) = 7.2 can be calculated for the 
hypothetical isomerization reaction® shown in Equation 6: 


N*-Formy] tetrahydrofolate — N?°-formyl tetrahydrofolate (6) 


3 Further calculations from the above data indicate that the 
free energy of hydrolysis of N!°-formyl tetrahydrofolate (into 
formate and tetrahydrofolate) exceeds that of N5-formyl tetra- 
hydrofolate by approximately 4.3 kilocalorie per mole. In turn, 
the free energy of hydrolysis of N5,N}°-methenyl] tetrahydrofolate 
at pH 7 is greater than that of N!°-formyl tetrahydrofolate by ap- 
proximately 1.4 kilocalorie per mole. 
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TABLE I 


Equilibrium constants for interconversion of formyl 
derivatives of tetrahydrofolate 


In all experiments the indicated formy] derivate of tetrahydro- 
folate was added to a Corex cuvette of 1 em light path containing 
40 pmoles of mercaptoethanol (to prevent air oxidation of the 
labile tetrahydrofolate compounds) and the indicated buffer in a 
total volume of 3 ml. The blank cuvette contained the same 
components except for the formyl] derivative of tetrahydrofolate. 
The disappearance or appearance of V5, V!°-metheny] tetrahydro- 
folate was followed at 355 mu where neither N5-formyl nor N?°- 
formyl] tetrahydrofolate have any absorption. After equilibrium 
had been reached, the equilibrium concentrations of N5,N?!°- 
methenyl tetrahydrofolate and N5-formyl] or N!°-formyl tetrahy- 
drofolate were calculated assuming that Reactions 4 and 5 were 
being followed without interference by side reactions. 

In Experiments 1 to 3, N5,N!°-methenyl tetrahydrofolate at 
concentrations of 6.3, 5.3, and 5.3 XX 10-5 mM were added to the 
indicated buffers; Experiments 4 to 6, N!°-formyl] tetrafolate at 
concentrations of 2.6, 8.1, and 4.1 K 107-5 mM were added to buffers; 
Experiments 7 to 11, N®°-formyl tetrahydrofolate at concentra- 
tions of 4.6, 4.6, 10.1, 10.1, and 10.1 XK 10-5 m were added to the 
buffers. The following buffers were used, the number in paren- 
theses referring to the experiment: (1) 0.1 M citrate, pH 4.75; (2) 
0.1 m phosphate, pH 5.70; (3) 0.1 M phosphate, pH 7.13; (4) and 
(5) 0.1 M acetate, pH 5.20; (6) 0.1 mM acetate, pH 6.00; (7) 0.05 m 
KCI-HCl, pH 2.14; (8) and (9) 0.05 m glycine-HCl, pH 2.57 and 
3.35; (10) and (11) 0.05 m phosphate, pH 3.50 and 2.80. 


Equilibrium concentration 
Experiment N10. Ns- N5, N10- | 
Formyl Formyl | Metheny] | H+ 
tetrahy- | tetrahy- | tetrahy- | 
drofolate | drofolate | drofolate 
MX 108° | xX 108 | mw X 105 M 
1 5.84 0.46 $7.4 X10°%| 1.1 X 108 
2 0.36 4.91 1.8 10°§|0.8 X 106 
3 2.38 2.91 _|2.0 10°*|0.6 X 106 
4 3.75 0.34. ,1.0 X107/|0.9 X 106 
5 0.29 2.29 10°§|1.2 X 108 
6 1.47 6.64 10-§|0.7 X 108 
Average 0.9 X 108 
Ks 
7 3.49 | 0.95 | 3.15 10-4| 8.7 xX 102 
8 2.17 | 2.27 | 1.58 x 10-| 6.6 x 102 
9 3.33 | 7.26 | 7.25 xX 10-*| 3.0 x 102 
10 5.11 | 5.48 | 2.69 10-3| 4.0 X 102 
11 7.31 3.28 | 4.46 X 10-4; 10.0 X 10? 
Average 6.5 X 10? 


Similarly, these values may be combined with the free energy of 
hydrolysis of ATP (AF = —7.8 kilocalories per mole (19)) to 
obtain the equilibrium constants for Reactions 1 and 2. These 
values are: K, = (N?°-formy] tetrahydrofolate) (ADP) (P;)/(N*- 
formyl] tetrahydrofolate) (ATP) = 3.2 « 10? M, and Ke = 
N*,N°methenyl tetrahydrofolate)+ (ADP) (Pi)/(N*-formyl 
tetrahydrofolate) (H+) (ATP) = 2.9 x 10°; at pH 7, therefore, 
the apparent equilibrium constant for Reaction 2 is 29. 


RESULTS AND DISCUSSION 


Purification of Enzyme System—All operations were carried 
out in the cold, and all centrifugations were performed in the 
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International Refrigerated Centrifuge, model PR-2, at 2300 x g 
for 15 minutes. Twenty grams of chicken liver acetone powder 
were extracted with 120 ml of 0.05 m citrate buffer, pH 6.5, 
with gentle stirring for 1 hour. The mixture was centrifuged 
and the residue discarded. Saturated ammonium sulfate at 
pH 6.5 was added to the supernatant fraction to 50% saturation, 
and the precipitate was collected by centrifugation and dis- 
carded. Ammonium sulfate was then added to the supernatant 
fraction to raise the concentration to 70% of saturation. The 
precipitate was collected by centrifugation, dissolved in 40 to 50 
ml of water, dialyzed for 3 to 4 hours against water, and ad- 
justed to pH 6.0. One-half volume of calcium phosphate gel 
(about 15 to 20 mg per ml) was added with stirring, the pH was 
maintained at 6.0, and after 10 minutes the mixture was cen- 
trifuged and the gel discarded. To the supernatant fluid 30 ml 
of 0.01 mM ZnCl2, pH 5.0, was added and after gentle stirring the 
precipitate was removed by centrifugation and discarded. The 
supernatant fluid was again treated with saturated ammonium 
sulfate, pH 6.5, the 50 to 70% precipitate was collected by 
centrifugation, taken up in a minimum volume of water (about 
15 ml), and dialyzed for 3 to 4 hours against 10-4 m sodium 
Versenate. 

A summary of the purification scheme is shown in Table II. 
A purification of approximately 12-fold was achieved and there 
was a 40 to 45% recovery of enzyme. The purified enzyme is © 
somewhat unstable, losing about one-third of its activity each 
time it is frozen and thawed. Exposure of the enzyme to 55° 
for 3 minutes results in a loss of about 50% of the activity. The 
purified enzyme is essentially devoid of hydroxymethyl] tetra- 
hydrofolic dehydrogenase (10), serine hydroxymethylase (12), 
formate-activating enzyme (20), cyclohydrolase (6), and the 


formaldehyde-activating enzyme (21); the preparation does con- 


tain, however, ATP-ase, adenylic kinase, and phosphoenol 
pyruvate phosphatase. 

Reaction Conditions—Table III illustrates the cofactor require- 
ments for the system. The absolute requirement for ATP (Ex- 
periment A) can also be met with catalytic amounts of ADP and 
substrate amounts of phosphoenol pyruvate in the presence of 
pyruvic kinase. Replacement of ATP by this latter system is 
of considerable value in certain spectrophotometric experiments, 
as described later in this paper. ATP may be replaced also by 
other nucleoside triphosphates as shown by Experiment B in 


TABLE II 
Purification of folinic acid isomerase 
Fraction Volume Activity Protein eae 
units 
ml units/ml \total units) mg/ml bie mg d 
protein 


Acetone powder extract. 80 | 150* |12,000*| 78 6250 | 1.9 
50-70% ammonium sul- 
fate fraction......... 40 | 250 
50-70% ammonium sul- 
fate fraction after 
Zn** treatment...... 17 | 340 


10,000 | 16.7 | 668 | 15.0 


5,780 | 13.5 | 229 | 25.0 


* The apparent activity in the initial fraction is low owing to 
the fact that N!°-formyl tetrahydrofolate disappears, due prob- 
ably to the action of the TPN-linked hydroxymethy] tetrahy- 
drofolic dehydrogenase. Dialysis of the fraction abolishes this 
effect. 
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TaB_e III 
Component study for isomerization of N*-formyl tetrahydrofolate 
Standard assay system with variations where indicated. In 
Experiment B, 1.0 wymole of the various triphosphates was used. 
Duration of experiment, 5 minutes. 


Experiment Components 
A Complete system 0.157 
ATP omitted 0.0 
Enzyme omitted 0.0 
Mg** omitted 0.058 
Mn** replacing Mg*t 0.096 
B Complete system 0.150 
ATP omitted 0.0 
CTP replacing ATP 0.153 
UTP replacing ATP 0.139 
GTP replacing ATP 0.107 
ITP replacing ATP 0.057 
» 
0.05 015 
Amount of Enzyme (m1) 
0.700- 
5 10 15 
Minutes 


Fic. 2. Effect of enzyme concentration on reaction rate. Assay 
system as described in ‘‘Experimental,’’ except that the amount 
of enzyme was varied as indicated. The optical density at 295 
my (E295) is plotted versus time for three different concentrations 
of enzyme. Inset shows the relationship between rate (expressed 
as AE 295 for the initial 5-minute period) and amount of enzyme. 


Table III; the apparent lack of specificity is probably due to the 
presence of nucleotide phosphokinases in the enzyme prepara- 
tion. 

The enzymatic reaction is stimulated approximately 3- to 5-fold 
by the inclusion of Mg++; Mn++ can partially replace Mg*t. 

Mercaptoethanol is required in order to prevent air oxidation 
of the product, N!°-formy] tetrahydrofolate. In the absence of 
this protective agent the reaction rate begins to fall off after a 
few minutes and degradation products of N?°-formy] tetra- 
hydrofolate can be detected in the cuvette. Addition of air- 
oxidized N}°-formyl tetrahydrofolate to the complete reaction 
mixture results in a severe inhibition. 

As shown in Fig. 2, the reaction rate is linear with time and 
also linearly dependent upon enzyme concentration. 

The reaction has a pH optimum at 7.0; maleate or Tris buffer 
may be used interchangeably. Phosphate buffer is quite in- 
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hibitory at pH 7.0; for example, a control experiment containing 
150 umoles of maleate buffer gave a AE 295 value of 0.100, whereas 
the addition of 20 or 50 wmoles of phosphate (pH 7.0) to the 
system depressed the AE25 values to 0.050 and 0.017, respec- 
tively. At pH 5.0, however, there is no inhibition by similar 
amounts of phosphate; the cause of this phenomenon is unknown. 

Reaction Products of AT P—Al|though Greenberg (2) originally 
postulated that Reaction 1 involved ADP and P; as products, 
Peters and Greenberg (4) later presented evidence that AMP 
and PP; were the reaction products. In our investigation of 
this point it was found that colorimetric analyses for P; or PP; 
were obscured by the presence of folic acid materials, and it was 
necessary, therefore, to analyze the reaction mixtures for ADP 
and AMP. ADP was estimated by means of the combined 
pyruvic kinase-lactic dehydrogenase assay system (15) (ef. Equa- 
tions 7 and 8). 


ADP + phosphoenol pyruvate = ATP + pyruvate (7) 
Pyruvate + DPNH + H* = lactate + DPNt (8) 


The data in Table IV show that ADP is formed during the 
isomerization reaction, but the amount, relative to the N°. 
formy] tetrahydrofolate converted, is less than that required by 
the stoichiometry of Equation 1. Control experiments re- 


TABLE IV 


ADP formation during isomerization of N5-formyl tetrahydrofolate 
to N}°-formyl tetrahydrofolate 

The original incubation mixture contained in a 1-cm Corex 
cuvette, 5 umoles of ATP, 2 umoles of MgCle, the indicated amount 
(expressed as the active isomer) of N5-formyl tetrahydrofolate, 
450 umoles of NaF, 250 wmoles of KCI, 100 umoles of Tris buffer, 
pH 7.0, 20 umoles of 2-mercaptoethanol, and 0.1 ml of purified 
enzyme in a total volume of 3.0 ml. The mixture was incubated 
at 25° for a sufficient time to allow the reaction to reach comple- 
tion (about 60 minutes). At this point in Experiments 1 and 2 
the following components were added directly to the cuvette in 
order to assay for ADP: 2 umoles of phosphoenol pyruvate, 0.8 
pmole of DPNH, and 0.1 ml of a 1:25 dilution of commercial 
lactic dehydrogenase (containing pyruvic kinase); the final vol- 
ume was 3.5 ml. The disappearance of DPNH was measured by 
the decrease in light absorption at 340 mp. In Experiment 3 the 
components of the ADP assay system (in 1.0 ml) were added to 
an aliquot of 2.0 ml of the supernatant fluid after the original 
mixture had been heat-denatured and centrifuged. In Experi- 
ments 2 and 3 duplicate results are reported in the table. 

For the original reaction mixture the blank cuvette contained 
no N5-formy] tetrahydrofolate and was, therefore, a measure of 
the enzymatic and chemical breakdown of ATP; this amounted 
to 5 to 10% of the value in the complete system. In the ADP 
assay correction of endogenous DPNH oxidation (<5% of the 
experimental value) is made. 


Ratio ADP/N*- 
Experiment | ADP found ydro- 

pmole pmole 

1 0.23 0.23 1.00 

2 0.23 0.17 0.74 
0.23 0.17 0.74 

3 0.31 0.25 0.81 
0.31 0.22 0.71 
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vealed that all of the N°-formy] tetrahydrofolate was converted 
to the N?°-derivative and that there was very little loss of ADP 
when incubated under identical conditions with the reaction 
mixture in the absence of N*-formy] tetrahydrofolate. Although 
no reason is apparent for the low yield, it seems probable that 
ADP, rather than AMP, is the primary product of ATP scission 
in Reaction 1. The isomerase enzyme preparation contains 
adenylate kinase (cf. Equation 9), and since the level of ATP in 
the original mixture is high throughout the incubation period, 
it would be expected to react with any amount of AMP formed 
to produce a 2-fold amount of ADP. 


AMP + ATP = 2 ADP (9) 


Thus, if AMP were the product in the primary reaction, the 
ratio of ADP to N*-formy] tetrahydrofolate in Table IV would 
approach 2. 

Identification of Reaction Product as N‘°-Formyl Tetrahydro- 
folate—In a preliminary experiment designed to confirm that 
N°-formy] tetrahydrofolate was the product of Reaction 1, an 
extract of beef liver acetone powder was used in place of the 
customary chicken liver enzyme. The beef liver system con- 
tained, in addition to the isomerizing system catalyzing Equa- 
tion 1, a specific deacylase (13) for N’°-formy] tetrahydrofolate 
(Equation 10) and also the combined serine hydroxymethylase- 
hydroxymethyl tetrahydrofolic dehydrogenase systems (10) 
(Equation 11). 

N°-Formyl tetrahydrofolate + H:0 — 
formate + tetrahydrofolate 
Serine + tetrahydrofolate + TPN* — glycine + TPNH 


+ H* + N°-formyl tetrahydrofolate 


10) 


(11) 


From the stoichiometry of Equation 11 it is apparent that the 
appropriate enzyme system plus serine and TPN will produce 
TPNH only in the presence of free tetrahydrofolate. This is 
demonstrated by a control experiment (Lines 1 and 2 in Table 
V). In order for N*-formy] tetrahydrofolate to serve as a source 
for tetrahydrofolate (according to Equations 1 and 10), it should 
be necessary to add both ATP and Mg** and to have the 
isomerase system present. The dependence of TPNH formation 
upon both cofactors is illustrated in Lines 3 and 4 of Table V. 
The isomerization reaction (Equation 1) may also be coupled 
directly with hydroxymethyl] tetrahydrofolic dehydrogenase (10) 
(cf. Equation 12) provided that the N!°-formy] tetrahydrofolate 
deacylase is absent. 
N°-Formy] tetrahydrofolate + TPNH + Ht — 
hydroxymethyl tetrahydrofolate + TPN+* 


In a typical experiment with an extract of chicken liver acetone 
powder (which is devoid of the deacylase) 0.15 umole of N*-for- 
my! tetrahydrofolate in the presence of ATP and Mgt+ brought 
about the disappearance of 0.04 umole of TPNH (corrected 
for separate blanks involving the absence of ATP and Mgt+ 
or N*-formy] tetrahydrofolate). This coupled system (Equations 
1 and 12) is similar to that employed by Peters and Greenberg 
(4) who linked NV *-formy] tetrahydrofolate isomerization to the 
hydroxymethyl tetrahydrofolic dehydrogenase and then uti- 
lized the hydroxymethyl] tetrahydrofolate for serine biosyn- 
thesis according to Equation 13. 


Hydroxymethy] tetrahydrofolate + glycine 


(12) 


(13) 
tetrahydrofolate + serine 
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TABLE V 
Production of tetrahydrofolate from N*-formyl tetrahydrofolate 


The complete system contained the following components added 
to a 1-cm Corex cuvette: 150 umoles of phosphate buffer, pH 7.5, 
10 of L-serine, 0.65 of TPNH, 10 uwmoles of 2-mercap- 
toethanol, and 0.2 ml of Dowex-treated beef liver acetone powder 
extract. Where indicated, the following additions were made: 1 
umole of tetrahydrofolate or N‘5-formyl tetrahydrofolate, 10 
umoles of ATP, and 2 umoles of Mg**. The optical density was 
followed at 340 mu. The blank cuvettes were identical except 
for the omission of TPN and serine, respectively. Duration of 
experiment, 30 minutes. 


Additions TPNH formed 
umole 
_N-Formy] tetrahydrofolate.................... 0.011 
N*5-Formy] tetrahydrofolate + ATP + Mg**... 0.437 


The net accumulation of N}°-formyl tetrahydrofolate during 
Reaction 1 can also be demonstrated directly with the partially 
purified chicken liver isomerase. In this spectrophotometric 
experiment ATP is replaced by catalytic amounts of ADP, sub- 
strate amounts of phosphoenol pyruvate, and the pyruvic kinase 
system (cf. Equation 7). As shown in Fig. 3, the absorption 
spectrum of NV °-formy] tetrahydrofolate (Curve 1) is progressively 
changed during the course of the reaction to that shown by 
Curve 2. Since only 50% of the N*-formy] tetrahydrofolate will 
react, Curve 2 must be corrected for the contribution due to the 


1.500- 


1.000- 


0.500; 


250 300 350 
Wavelength (mx) 

Fic. 3. Production of N!°-formyl] tetrahydrofolate by the isom- 
erase system. Standard assay system as described in ‘‘Experi- 
mental,’’ except that (a) 0.144 umole of pL-N*-formyl] tetrahydro- 
folate was used; (b) Tris buffer (100 wmoles, pH 7.0) replaced 
maleate; (c) the amount of ATP was decreased to 1 wmole; and 
(d) 3 umoles of phosphoenol pyruvate and 0.1 ml of lactic dehydro- 
genase (1:50 dilution of stock), containing pyruvic kinase, were 
added. The optical blank was identical except for the omission 
of folinic acid. Curve 1 was taken at time zero; Curve 2 after 60 
minutes; Curve 3 is the resultant after Curve 2 is corrected for 
the contribution due to one-half of the original amount of N°- 
formyl] tetrahydrofolate. 


1 
ng 
as 
he 
ar 
n. 
ly 
8, 
P 
of 
P; 
yP 
PC 
a- 
7) 
e 
5. 
e- 
te 
2X 
t 
r, 
2d 
2 
8 
al 
4 
al 2’ 
i- 
‘ 
\ 
of \ 
P 37 


200 


unreacted amount. When this is done, the resultant Curve 3 
represents the absorption spectrum of the product. It has a 
maximum at 260 my and a shoulder at 300 my (ratio of Ey00/ 
Ex = 0.50) and thus appears to be identical with that of 
authentic N'°-formy] tetrahydrofolate as shown in Fig. 1 (ratio = 
0.57). From the Eg value of the product, it can be calculated 
that 0.072 umole of N’°-formy] tetrahydrofolate has been formed 
(e€ = 18 X 10° cm? per mole for N’°-formy] tetrahydrofolate at 
260 my); this is exactly one-half of the amount of the N*-formy] 
derivative that was originally present (0.144 umole). Further 
proof of this point is afforded by the observation that when the 
final reaction mixture was adjusted to pH 3.5 with acetate buffer 
(in order to convert the N'°-formyl to N*,N°-metheny] tetra- 
hydrofolate, the amount of the latter material on a molal basis 
was equal to the N!°-formy] tetrahydrofolate and one-half of the 
original amount of N*-formy] tetrahydrofolate. 

Absence of N*,N'°-Methenyl Tetrahydrofolate as Intermediate in 
Reaction 1—At pH 7.0 the equilibrium of Reaction 3 lies well in 
the direction of N-formyl tetrahydrofolate (see ‘“Experi- 
mental’’). In addition to being catalyzed by the enzyme, cyclo- 
hydrolase, this reaction proceeds at a fairly rapid rate even under 
chemical catalysis. The rate of the chemical conversion can be 
repressed, but not abolished, in the presence of maleate buffer. 
When the isomerase reaction was run in maleate buffer, however, 
no accumulation of N*®,N!°-metheny] tetrahydrofolate was ob- 
served except, of course, for the small amount (about 5%) due to 
reconversion of N!°-formy] to N°, N1°metheny] tetrahydrofolate 
at the pH employed. A direct assay for cyclohydrolase in the 
purified isomerase preparation showed that essentially none was 
present (7.e. N®,N?°-metheny] tetrahydrofolate was transformed 
into N}°-formy] tetrahydrofolate at the same rate both in the 
presence and absence of enzyme). In contrast, the original 
acetone powder extract (cf. Table II) exhibited good cyclo- 
hydrolase activity, but this disappears progressively during the 
course of the purification procedure. Furthermore, the ob- 
served rate of chemical hydrolysis of NV*,N!°-methenyl to N?°- 
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Fic. 4. Transient formation of N*5,N‘°-methenyl tetrahydro- 
folate during the isomerization reaction. Standard assay condi- 
tions as described in ‘“‘Experimental,’’ except that the chicken 
liver enzyme was replaced by 0.2 ml of a purified fraction of the 
formate-activating enzyme from M. aerogenes. The optical blank 
was identical except for the omission of N5-formy] tetrahydrofol- 
ate. The solid line (O——O) represents the decrease in optical 
density of 295 mz as a function of time, and the dashed line 
(A---A) represents the increase in optical density at 356 mx. 
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formy] tetrahydrofolate was much slower than the rate of isom- 
erization of N*-formyl to N?°-formyl tetrahydrofolate in the 
presence of the purified enzyme. Thus, in the chicken liver sys- 
tem, no evidence has been obtained for the occurrence of N*, N10 
methenyl tetrahydrofolate as an intermediate in the over-all 
enzymatic conversion of N*-formyl to N-formyl tetrahydro- 
folate. 

These experiments, of course, do not vitiate previous observa- 
tions on the existence of N*,N1°-metheny] tetrahydrofolate as an 
intermediate during the isomerization of N*-formyl! tetrahydro- 
folate in other tissues. An additional observation bearing on 
this point is provided by our preliminary experiments, carried 
out in collaboration with Dr. H. R. Whiteley, on the ATP- 
dependent N*-formyl tetrahydrofolate isomerizing system in 
Micrococcus aerogenes. No cyclohydrolase activity is demon- 
strable in these preparations, and N°, N!°-metheny] tetrahydro- 
folate, rather than N?!°-formyl tetrahydrofolate, accumulates 
during the reaction. The course of this reaction is illustrated 
in Fig. 4, with the use of the standard assay conditions given in 
“Experimental,”’ but replacing the chicken liver enzyme by a 
preparation from M. aerogenes. ‘The solid line depicts the dis- 
appearance of N*-formy] tetrahydrofolate followed at 295 mu. 
The dashed line shows the transient appearance during the re- 
action of N*5,N'°-metheny] tetrahydrofolate, measured by the 
increase in light absorption at 356 my. Moreover, the complete 
absorption spectrum of the intermediate was determined rapidly 
with a recording spectrophotometer during the reaction, and it 
was found to have a broad, symmetrical peak centered at 356 
mu, identical to that of NV°,N!°-methenyl tetrahydrofolate (cf. 
Fig. 1). 


SUMMARY 


1. An enzyme which carries out the adenosine triphosphate- 
and Mgt+-dependent isomerization of N5-formy] tetrahydrofolic 
acid (folinic acid) to N!°-formy] tetrahydrofolic acid has been 
partially purified from extracts of chicken liver acetone powders. 
The other reaction products are adenosine diphosphate and in- 
organic phosphate. 

2. N'°-Formy] tetrahydrofolic acid was identified by its ab- 
sorption spectrum and by its interaction with specific enzyme 


systems. 

3. No evidence could be obtained for the appearance of free 
N*,N°methenyl tetrahydrofolic acid (anhydroleucovorin) dur- 
ing the course of the reaction. 
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Enzymatic reactions that involve the oxidation of alcohols 
and aldehydes by DPN*! have previously been shown to occur 
with direct and stereospecific transfer of hydrogen from the 
substrate to the para position of the nicotinamide ring of DPN 
(1-3). The present paper is concerned with an extension of these 
studies to TPN-linked reactions. The rate of the reaction 
catalyzed by glutamic dehydrogenase is approximately one-third 
as great with TPN as with DPN (4). The reaction was pre- 
viously shown to involve direct transfer of hydrogen between 
glutamate and the 8-para position of the nicotinamide ring of 
DPN (2). The present studies show that the reaction occurs in 
identical fashion with TPN. The 8 position of the reduced 
nicotinamide ring of TPN is defined in terms of the product ob- 
tained when TPND is converted to DPND by treatment with 
phosphatase; 7.e. 8B-TPND is that stereoisomer which yields 
B-DPND after hydrolytic removal of phosphate; and a-TPND 
is the stereoisomer which yields a-DPND under similar circum- 
stances. 

Englard and Colowick (5) have already shown that the reac- 
tion catalyzed by isocitric dehydrogenase involves direct transfer 
of hydrogen between isocitrate and TPN. The present studies 
present evidence that this hydrogen transfer reaction has a- 
stereospecificity for the TPN. 


EXPERIMENTAL 


Materials and Methods 


Isocitric dehydrogenase was prepared from pig heart through 
Stage 3 of the procedure described by Moyle and Dixon (6). 
The preparation had a specific activity of about 450 units per 
mg of protein (6). About 6000 of these units were used in the 
reaction mixture of one experiment. This was sufficient enzyme 
to cause a reduction of about 30 uwmoles of TPN per minute 
under the conditions used. 


* This investigation was supported in part by a research grant 
from the National Institutes of Health, United States Public 
Health Service, and by the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. The contents of 
this paper are taken from a thesis submitted by T. Nakamoto in 
partial fulfillment of the requirements for a Ph.D. degree. 

t Predoctoral fellow of the United States Public Health Service. 

1 The abbreviations used are: DPND and TPND, the reduced 
pyridine nucleotides containing deuterium in the para position of 
the nicotinamide ring; a-DPND, the stereoisomer of DPND ob- 
tained by reduction of DPN* with 1,1-di-deuterioethanol in the 
presence of yeast alcohol dehydrogenase; 8-DPND, the other dia- 
stereomer of DPND; a-TPND and s-TPND, the analogous forms 
of DPND, further defined in the text; and TPN(D)*+, TPN* con- 
taining deuterium in the para position of the nicotinamide ring. 


Crystalline glutamic dehydrogenase was purchased from C. F. 
Boehringer und Soehne, Mannheim, Western Germany, and ob- 
tained as a suspension under (NH,)2SO, solution, as described in 
their August 1955 catalogue. About 0.2 or 0.3 ml of the suspen- 
sion was used in the reaction mixture of one experiment. Crys- 
talline yeast alcohol dehydrogenase was obtained from Nutri- 
tional Biochemicals Corporation. 

Alkaline phosphatase from intestine was obtained from General 
Biochemicals Inc. Another sample of alkaline phosphatase was 
prepared from pig kidney cortex by the method of Sanadi (7). 
In the experiments reported, the commercial preparation was 
used to convert TPNH to DPNH. With both of the phos- 
phatase preparations examined, the hydrolytic removal of phos- 
phate was accompanied by another reaction which caused DPNH 
and TPNH to become inactive in enzyme test systems, without 
concomitant loss of optical absorbance at 340 my. This second- 
ary reaction was largely avoided by keeping the Mg++ concentra- 
tion relatively low, by adding NaF to a final concentration of 
1.75 < 10-7 M, and by conducting the reaction at pH 9.0 instead 
of at 9.3 to 9.4 which was optimal for the alkaline phosphatase. 
It was also necessary to conduct the hydrolysis in a relatively 
large volume because the phosphatase reaction was inhibited 
by the orthophosphate liberated. With the above precautions, 
reasonable yields of DPNH could be obtained from TPNH. 
The DPNH was assayed in aliquots by oxidation with acetalde- 
hyde in the presence of yeast alcohol dehydrogenase (8). 

a-Ketoglutaric acid was purchased from Nutritional Bio- 
chemicals Corporation and was recrystallized from ether and 
benzene. DPN and TPN of 80 to 90% purity were obtained 
from Pabst. TPN+ was determined by measuring the increase 
in absorbancy at 340 my after reduction by isocitrate in the 
presence of isocitric dehydrogenase. A molar extinction coeff- 
cient of 6.22 «* 10° cm.? per mole was used for both TPN and 
DPN. 

Deuterium was introduced into the para position of the 
nicotinamide ring of TPN+ by the alkaline cyanide treatment 
devised by San Pietro (9) for introducing deuterium into DPN*. 
This labeled TPN*+, termed TPN(D)*, was isolated by acetone 
precipitation and purified on a Dowex 1-formate column (10). 
Neurospora DPNase, prepared by the procedure of Kaplan et al. 
(11), was used to catalyze the hydrolysis of the nicotinamide- 
riboside linkage of both DPN*+ and TPN*+. The hydrolysis was 
followed by measuring the decrease in optical density at 325 
my in the presence of 1 Mm KCN (12). The deuterium content 
of TPN* (and DPN?*) was determined by analysis of the nicotin- 
amide obtained by complete hydrolysis with DPNase. After 
heat inactivation of the enzyme and dilution with a known 
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amount of unlabeled carrier, the nicotinamide was isolated by 
continuous extraction with ether. The ether was removed by 
evaporation and the nicotinamide was recrystallized twice from 
boiling benzene and analyzed for deuterium as previously de- 
scribed (3, 13, 14). 

For the isolation of Lt-glutamic acid, the volume was suitably 
reduced by flash evaporation and the pH was adjusted to 3.2. 
The solution was filtered and left overnight in the refrigerator. 
The crystalline Lt-glutamic acid which separated out was recrys- 
tallized from water and washed with cold water, ethanol and 
ether before analysis for deuterium. 


RESULTS AND DISCUSSION 


The plan of the present experiments was to introduce the 
deuterium label first into the para position of TPN+ (9). The 
TPN(D)+ was then reduced with isocitrate in the presence of 


L,-isocitrate + TPN (D)* — a-ketoglutarate + CO2+ TPND (1) 


TPND + a-ketoglutarate + (NH,)* + H* > 
TPN* + glutamate + 


(2) 


TaB_LeE [ 
Results of deuterium analyses* 


In the following detailed description of procedures, corrections 
have been applied for various aliquots removed for analyses. 

Experiment 1. 74 uwmoles of TPN(D)* were dissolved in 20 ml 
of 0.1 m Tris-HCl buffer of pH 7.5, containing 26 uwmoles of MnSO, 
and 280 umoles of dl-isocitrate. The reaction was initiated by 
addition of isocitric dehydrogenase. When 93% of the TPN(D)* 
had been reduced, the enzyme was inactivated by heating at 80° 
for2 minutes. The reaction mixture was cooled to room tempera- 
ture, and 2.1 mmoles of NH,Cl, 15 umoles of a-ketoglutarate, and 
glutamic dehydrogenase were added. Only a small amount of 
a-ketoglutarate was needed to drive the reoxidation essentially to 
completion because a-ketoglutarate was present as a product of 
the oxidation of isocitrate in an amount equivalent to the reduced 
TPN formed. When the oxidation of TPND was complete, 828 
pmoles of unlabeled L-glutamic acid were added to an aliquot of 
the mixture that contained 18.1 uwmoles of glutamate (as deter- 
mined by the amount of TPND oxidized). After heat inactiva- 
tion of the enzyme, the glutamic acid was isolated and analyzed 
for D as described under ‘‘Experimental.’’ Another aliquot of the 
reaction mixture containing 31.4 wmoles of TPN*+ was taken for 
nicotinamide isolation after 666 nzmoles of unlabeled nicotinamide 
had been added. 

Experiment 2. The procedure was similar to that of Experi- 
ment 3, except that 139 uzmoles of TPN (D)* were reduced initially, 
97 umoles of DPND were obtained after phosphatase treatment, 
and 104 umoles of pyridine nucleotide were reoxidized. Only the 
nicotinamide was isolated after reoxidation. 

Experiment 3. Of TPN(D)t, 89 umoles were reduced (essen- 
tially as in Experiment 1) in 10 ml of 0.2 m Tris buffer of pH 7.9, 
containing 10 wmoles of MgCl: and 210 uwmoles of dl-isocitrate. 
After reduction, 1.75 mmoles of NaF were added, the pH of the 
solution was adjusted to 9.0, 7.5 mg of alkaline phosphatase were 
added, and the final volume was adjusted to100 ml. The hydroly- 
sis was followed by enzymatic analysis of the amount of reduced 
DPN formed. After 40 minutes, when 54 uymoles of DPNH had 
been formed, the mixture was brought to 80° for 1.5 minutes and 
cooled to room temperature. The pH was adjusted to 7.4, 100 
umoles of a-ketoglutarate and 2.25 mmoles of NH,Cl were added, 
followed by glutamic dehydrogenase. After completion of the re- 
action, 71.8 wmoles of pyridine nucleotide had been reoxidized. 
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Then 1.47 mmoles of unlabeled glutamic acid were added, the en- 
zyme was heat inactivated, and the mixture was treated with 
DPNase, giving 68 umoles of free nicotinamide. The nicotina- 
mide was diluted with 1.23 mmoles of unlabeled nicotinamide. 
After heat inactivation of the enzyme, the volume was reduced 
by flash evaporation and the nicotinamide recovered by ether ex- 
traction. The residual solution after ether extraction was taken 
to dryness in a flash evaporator. To remove fluoride, a few milli- 
liters of concentrated HCl were added and the sample was taken 
to dryness under reduced pressure. This procedure was repeated 
twice. The residue was dissolved in 3 ml of water, treated with 
charcoal and filtered. Glutamic acid was isolated as previously 
described, after adjustment of the pH to 3.2. 


TABLE I, Experiment 3—Cont. 


Atom % excess D 


Atom D 
Atom D 
Experiment | mole- 
No. Compound analyzed cule (cor- 
Found | ted for rected) f 
dilution 


1 TPN(D)*, as _ nico- 
tinamide 
Glutamic acid 
Nicotinamide from 
reoxidized TPND 
2 TPN (D)*, as in Ex- 
periment 1 
Nicotinamide from 
reoxidized DPND 
3 TPN(D)*, as_ nico- 
tinamide 
Glutamic acid 
Nicotinamide from 
reoxidized DPND 


0.162 | 8.54 0.51 


0.107 | 5.01 | 0.45 
0.036 | 0.79 | 0.05 0.01 


0.162 | 8.54 0.51 
0.029 | 0.62 | 0.04 0.00 
0.070 | 2.85 | 0.17 


0.070 | 1.51 | 0.14 
0.007 | 0.13 | 0.01 


* Theoretical value for 1 atom of D per molecule of nicotina- 
mide = 16.7 atoms per cent excess; for glutamic acid = 11.1 
atoms per cent excess. 

t Corrected for TPN(D)* not reduced by isocitrate. 


isocitric dehydrogenase (Equation 1). The TPND thus formed 
was reoxidized by a-ketoglutarate and ammonia in the presence 
of glutamic dehydrogenase (Equation 2). The reoxidized TPN 
was hydrolyzed to nicotinamide by treatment with Neurospora 
DPNase (Equation 3). 


DPNase 


TPNt > nicotinamide (3) 


Finally, the glutamic acid (Equation 2) and the nicotinamide 
(Equation 3) were isolated after suitable dilution and analyzed 
for deuterium. The results of such an experiment are shown in 
Experiment 1 of Table I. The data include the results of a 
determination of the deuterium content of the nicotinamide 
obtained from the TPN(D)* before it was reduced and reoxidized. 
The deuterium in the glutamic acid amounted to 90% of the 
deuterium in the original TPN(D)*; whereas the deuterium in 
the nicotinamide isolated after reduction and reoxidation was 
only 2% of the deuterium initially present. The conclusion 
was drawn that isocitric dehydrogenase and glutamic dehydro- 
genase must have opposite steric specificities for the nicotinamide 
ring of TPN, since the label could be transferred completely to 
glutamate only if the isocitrate transferred hydrogen to the 
opposite side of nicotinamide from that used in the glutamic 
dehydrogenase reaction. 
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To relate the steric configuration of TPND to that of DPND, 
the ,TPN(D)+ was reduced with isocitrate as in the previous 
experiment, but the TPND so formed was converted to DPND 
by treatment with intestinal phosphatase (Equation 4) before 
reoxidation by a-ketoglutarate and ammonia (Equation 5) and 


TPND —Tbosphatase + P; (4) 

DPND + a-ketoglutarate + NH, + H*+ 
DPN* + glutamate + H.O 
DPNase 


(5) 


DPN* >» nicotinamide (6) 


hydrolysis with DPNase (Equation 6). This phosphatase treat- 
ment should remove the phosphate from the 2’-position of 
TPND without affecting the steric relationship of the hydrogen 
and deuterium atoms at the para position of the nicotinamide 
moiety. Two experiments were performed. In one of these 
(Experiment 2, Table I), the TPN(D)* was the same as that 
used in Experiment 1 and the conversion of TPND to DPND 
was more than 90% complete. The nicotinamide isolated from 
the enzymatically reoxidized DPNH had the same low deuterium 
content as the nicotinamide isolated from the reoxidized TPNH 
in Experiment 1. This showed that glutamic dehydrogenase 
has the same steric specificities for TPN and DPN. Since this 
enzyme had previously been shown to have #-stereospecificity 
for DPN, the TPND formed by enzymatic reduction of TPN(D)+ 
with isocitrate must be 6-TPND, and isocitrate must donate 
hydrogen to the a side of the nicotinamide ring of TPN. Experi- 
ment 3 was essentially a repetition of Experiment 2, but another 
sample of TPN(D)+* was used, and glutamic acid and nicotin- 
amide were isolated. Approximately 70% of the TPND was 
converted to DPND by phosphatase treatment. The results 
showed that most of the deuterium originally present in the 
TPN(D)+ was transferred to the glutamate, as expected. 

The conclusion that isocitric dehydrogenase has a-stereo- 
specificity for TPN has been confirmed in a separate set of 
experiments in which the steric specificities for TPN of gluta- 
thione reductase and of the dehydrogenases for isocitrate, 
glutamate, glucose 6-phosphate, and 6-phosphogluconate were 
all interrelated, as described in the accompanying papers (15, 
16). The relationship of B-TPND to B-DPND has also been 
confirmed by reducing TPN(D)+ to B-TPND with isocitrate, 
converting B-TPND to B-DPND with alkaline phosphatase, and 
demonstrating that this 8-DPND did, in fact, retain the label in 
the nicotinamide on reoxidation with pyruvate in the presence 
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of lactic dehydrogenase, an enzyme with a-stereospecificity for 
DPN (1). The details of this experiment have not been included 
because the procedures used represented a combination of proce- 
dures already described. 


SUMMARY 


Deuterium was introduced into oxidized triphosphopyridine 
nucleotide (TPN) at the para position of the nicotinamide ring 
by treatment with alkaline cyanide. The labeled TPN was 
first reduced with isocitrate and isocitric dehydrogenase. In 
the presence of glutamic dehydrogenase, this labeled, reduced 
TPN transferred essentially all of its deuterium to a-ketoglu- 
tarate and ammonia to form deuteroglutamate. When the 
reduced labeled TPN was first converted to reduced deutero- 
diphosphopyridine nucleotide by treatment with phosphatase 
before enzymatic reoxidation by the glutamic dehydrogenase 
reaction, the label was also found in the glutamate. The con- 
clusion was drawn that the hydrogen transfer catalyzed by 
glutamic dehydrogenase has £-stereospecificity for TPN just as 
for diphosphopyridine nucleotide, and that isocitric dehydro- 
genase has a-stereospecificity for TPN. 
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The preceding paper of this series (1) presented evidence that 
glutamic dehydrogenase of beef liver exhibits the same 6-stereo- 
specificity! for TPN as it had previously been shown to have 
for DPN (2). The present paper represents a further extension 
of hydrogen transfer studies to TPN-linked reactions. With 
glutamic dehydrogenase as a reference enzyme, and deuterium as 
a tracer, both glucose 6-phosphate dehydrogenase and 6-phos- 
phogluconic dehydrogenase are shown to cause direct hydrogen 
transfer from the substrate to the 8-para position of the nicotin- 
amide ring of TPN. 


EXPERIMENTAL 


Materials and Methods 


Glucose 6-phosphate dehydrogenase was partially purified by 
the procedure of Glaser and Brown (3) from dried brewers’ yeast 
supplied by Anheuser-Busch Ine. of St. Louis. After protamine 
precipitation of the nucleic acid, two (NH4)2SOx fractions were 
obtained, each of which was further purified by adsorption and 
elution on calcium phosphate gel. The gel eluate from Fraction 
1 had a specific activity of 1.1 units per mg of protein; and that 
from Fraction 2 had a specific activity of 2.1 units per mg of 
protein. One unit of enzyme is defined as that quantity which 
catalyzes the reduction of 1 umole of TPN during the first minute 
at 20°. These enzyme preparations were virtually devoid of 
6-phosphogluconic dehydrogenase activity, but both were con- 
taminated to some extent with a TPNH oxidase. 

Phosphogluconic dehydrogenase was prepared by a modifica- 
tion of the procedure of Horecker and Smyrniotis (4). The 
initial steps through the acetone fractionation were carried out as 
described. Then the acetone precipitate from 150 g of yeast 
was dissolved in 40 ml of 0.1 m potassium phosphate buffer of 
pH7.5. To this solution were added 125 mg of protamine sulfate 
dissolved in 12.5 ml of water. The precipitate was removed by 
centrifugation. Solid (NH,4)2SO, was added to the supernatant, 
and the protein precipitate which was obtained between 52.9 and 
75% saturation was recovered by centrifugation and dissolved 


* This investigation was supported in part by a research grant 
from the National Institutes of Health, United States Public 
Health Service, and by the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. The contents of 
this paper are taken from a thesis submitted by B. K. Stern in 
partial fulfillment of the requirements for a Ph.D. degree. 

1 The prefixes a and @ are used to differentiate the two positions 
of the hydrogen on the methylene group in the reduced nicotinam- 
ide ring of DPN and TPN. Further definitions of these terms and 
a list of abbreviations used are given in the preceding paper (1). 


in 10 ml of 0.18 m glycylglycine buffer of pH 7.5. About 27 
units of enzyme were obtained. The specific activity was 0.14 
unit per mg of protein. A unit is defined as that amount of 
enzyme which causes the reduction of 1 wmole of TPN per minute 
during the first 2 minutes in the standard assay system. 

Crystalline hexokinase with 500,000 Kunitz McDonald units 
(5) per g, the sodium salt of glucose 6-phosphate, and the barium 
salt of 6-phosphogluconic acid were obtained from Sigma Chem- 
ical Company. The barium 6-phosphogluconate was converted 
to the potassium salt by solution in 3 N acetic acid, removal of 
barium with sulfuric acid, and neutralization with KOH. This 
6-phosphogluconate was free of glucose 6-phosphate, as shown by 
enzymatic analysis. 

Glucose-1-D was prepared by the procedure of Topper and 
Stetten (6) which consists of the reduction of the y-glucono- 
lactone by 2.5% sodium amalgam in D,O kept acid by the addi- 


_tion of 85% D;PO.%. The y-gluconolactone, prepared as de- 


scribed by Isbell and Frush (7), was recrystallized from boiling 
ethanol. No unlabeled glucose was added as diluent. The 
preparation of D3;PQO, and the crystallization of the glucose were 
carried out as described by Levy (2). The p-glucose-1-D melted 
at 142-146° and its identity and purity were checked by analysis 
with glucose oxidase (Nutritional Biochemicals) (8). Deuterium 
analysis showed that this glucose contained 0.91 atom of excess 
D per molecule. 

All other reagents, and procedures not given in the legends of 
the tables are described in the preceding paper (1). 


RESULTS AND DISCUSSION 


_ Reaction Catalyzed by Glucose 6-Phosphate Dehydrogenase 


The general plan for the experiments with glucose 6-phosphate 
dehydrogenase is outlined in Equations 1 to 4. Glucose-1-D 
was first converted to glucose-1-D 6-phosphate by enzymatic 
phosphorylation with ATP in the presence of hexokinase (Equa- 
tion 1). The deuterium-labeled substrate was then used to 
reduce TPN in the presence of glucose 6-phosphate dehydro- 


Glucose-1-D + ATP — 
glucose-1-D 6-phosphate + ADP + H+ 
Glucose-1-D 6-phosphate + TPN* — 


2 

6-phosphoglucono-é-lactone + TPND + Ht (2) 

TPND + a-ketoglutarate + + H+ — 
glutamate + TPN*t + 

TPNt nicotinamide (4) 
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genase (Equation 2). The TPND so formed was not isolated 
as such, but was reoxidized by added a-ketoglutarate and am- 
monia (Equation 3). The glutamic acid formed in this reaction 
was isolated after addition of unlabeled carrier and analyzed for 
D, as was the nicotinamide obtained by hydrolysis of the re- 
oxidized TPN with Neurospora DPNase (Equation 4). The 
results obtained in two separate experiments are shownin Table I. 


TaBLeE 
Direct transfer and steric specificity in glucose 6-phosphate 
dehydrogenase reaction 

Experiment 1—The reaction mixture consisted of 88.5 uzmoles of 
TPN*, 1200 umoles of ATP adjusted to pH 8, 120 umoles of MgClz, 
900 umoles of potassium phosphate buffer of pH 8, 28.5 units of 
glucose 6-phosphate dehydrogenase (Fraction 1), and 7 mg of 
hexokinase, made up to 20 ml with water. The reaction was be- 
gun by the addition of 400 uzmoles of glucose-1-D. The course of 
the reaction was followed by diluting suitable aliquots and meas- 
uring the increase in optical density at 340 my. These measure- 
ments showed that 80 uwmoles of TPNH were formed. The reac- 
tion mixture was adjusted to pH 7.7, placed in a boiling water bath 
for 2 minutes and cooled rapidly. After centrifugation the reac- 
tion mixture was adjusted to pH 7.3. Spectrophotometric meas- 
urements showed that 76 wzmoles of TPNH were present. Added 
were 117 wmoles of a-ketoglutarate, 600 umoles of NH,Cl adjusted 
to pH 7, and 0.5 ml of glutamic dehydrogenase suspension; 72.2 
umoles of TPNH were oxidized. This was assumed to be equiva- 
lent to the glutamate formed. A portion of the reaction mixture, 
containing 47.6 wmoles of glutamate, was placed in a boiling water 
bath for 3 minutes. Then 2200 umoles of diluent glutamic acid 
were added. The pH was brought to 4.2 and the mixture heated 
in a 60° bath to dissolve all the glutamic acid. Protein was re- 
moved by filtration and the pH was adjusted to 3.1. The solution 
was concentrated to 7 ml under reduced pressure and placed in the 
refrigerator. The glutamic acid which crystallized out from this 
solution was recrystallized and analyzed for D. The other part 
of the reaction mixture, containing 22.9 umoles of TPN, was hy- 
drolyzed by adding 1050 ymoles of KzHPQ,, adjusting the pH to 
9.3 and heating for 15 minutes in a boiling water bath (9). The ex- 
tent of hydrolysis was followed by taking suitable aliquots and 
measuring the decrease in optical density at 325 my in the presence 
of 1 m KCN (10). Corrections were made for aliquots removed. 
After centrifugation, the pH was adjusted to 7 and 1510 uzmoles of 
diluent nicotinamide were added. The nicotinamide was isolated 
and analyzed for D. 

Experiment 2.—The quantities of reagents differed somewhat, 
but the procedure used was almost the same as in Experiment 1. 
12.7 units (Fraction 2) of glucose 6-phosphate dehydrogenase were 
used. Diluent glutamic acid and nicotinamide were added im- 
mediately after placing the tubes in the boiling water bath. TPN 
was hydrolyzed by added DPNase. 


Nicotinamide* Glutamic acidt 
Experiment Atom % excess D Atom % excess D 
No. Atom D Atom D 
ted Tr 
Found molecule Found molecule 
dilution dilution 
1 0.033 2.57 0.155 0.151 7.13 0.64 
0.082 1.02 0.061 0.190 8.65 0.78 


* Theoretical value for 1 atom of D per molecule = 16.7 atoms 
per cent excess. 

+ Theoretical value for 1 atom of D per molecule = 11.1 atoms 
per cent excess. 
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The data show, at first approach, that most of the D introduced 
into the reaction sequence as glucose-1-D was recovered in the 
glutamate; a considerably smaller amount was found in the 
nicotinamide. Since glutamic dehydrogenase had been shown 
to have #-stereospecificity for TPN (1), the conclusion was 
drawn that the TPND formed by the reduction of TPN with 
glucose-1-D 6-phosphate was mainly B-TPND. The deuterium 
content of the nicotinamide indicated that there was some 
a-TPND formed also, especially in Experiment 1. If the enzyme 
reactions occur with complete steric specificity, there should be 
no D in the nicotinamide. The most probable explanation for 
the presence of D in the nicotinamide is the fact that the enzyme 
preparations were contaminated with a TPNH oxidase. There 
was eight times more oxidase in the enzyme used for Experiment 
1 than in the enzyme used for Experiment 2. If this oxidase 
removed hydrogen from the a-side of B-TPND, TPN(D)* would 
be formed, and would, on reduction, yield reduced TPN con- 
taining D in the a-position. 

The recovery of the deuterium label in the glutamic acid was 
low, but not unreasonably so. The glucose-1-D used contained 
0.91 atom of excess D per molecule and an excess of glucose-1-D 
6-phosphate was used to reduce the TPN. Semiquantitative 
observations showed that the glucose-1-D 6-phosphate was 
oxidized at about half the rate at which unlabeled substrate was 
oxidized. A discrimination effect should therefore operate, 
to give less D in the glutamic acid than in the glucose-1-D. The 
D content of the recovered glutamic acid in Experiment 1 was 
70% of that in the glucose-1-D, and the D content of the glutamic 
acid in Experiment 2 was 86% of that in the labeled glucose. 
The low recovery in Experiment 2 is probably entirely due to a 
discrimination effect, and that in Experiment 1 probably repre- 
sents the results of a discrimination effect plus the possible loss 
of some glutamic acid which may have occurred when the reac- 
tion mixture was heated to inactivate the enzyme (11). Diluent 
glutamic acid was added before heat inactivation in Experiment 
2, but after heat inactivation in Experiment 1. 


Reaction Catalyzed by 6-Phosphogluconic Dehydrogenase 


The reaction catalyzed by phosphogluconic dehydrogenase, 
as formulated by Horecker et al. (4, 12), is shown in Equation 5. 
Two types of experiments were performed with 6-phospho- 
gluconic dehydrogenase. These differed primarily in the manner 


6-phosphogluconate + TPNt — 
ribulose-5-PO, + CO. + TPNH 


in which the label was used. To determine the steric specificity 
of the reaction, TPN(D)+ was reduced with 6-phosphogluconate 
in a medium of H.O. To determine whether the reaction 
occurred with direct transfer of hydrogen, TPN+ was reduced 
enzymatically with 6-phosphogluconate in a medium of D,0. 
In both types of experiments, the reduced TPN was analyzed by 
reoxidation with a-ketoglutarate and (NH,)+ in the presence of 
glutamic dehydrogenase in a medium of HO. The glutamic acid 
and the nicotinamide obtained from the reoxidized TPN were 
finally analyzed for deuterium. The reaction sequence for the 
preparation of the substances to be analyzed is that of Equations 
3 and 4. 

Two experiments were performed in which TPN(D)?* that 
contained 0.17 atom of D per molecule was reduced by 6-phos- 
phogluconate in a medium of H.O. The deuterium content of 
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the nicotinamide and glutamic acid isolated are given in the first 
two lines of Table II. The two samples of nicotinamide con- 
tained 0.16 and 0.14 atom of deuterium per molecule, respectively. 
The glutamic acid that was isolated was essentially devoid of 
deuterium. These results indicated that the reduction of nico- 
tinamide-4-D-TPN by 6-phosphogluconate produced TPND 
which transferred hydrogen to form glutamate upon enzymatic 
reoxidation by a-ketoglutarate and NH,*. Within the limits of 
experimental error, the deuterium originally present in the 
nicotinamide ring of TPN+ was retained in the nicotinamide. 
The reduced TPN formed must therefore have been a-TPND. 
This could only have been formed by the transfer of hydrogen 
to the B side of the nicotinamide ring of TPN. The conclusion 
was drawn that the 6-phosphogluconic dehydrogenase reaction 
has B steric specificity for TPN. 

In Experiment 3, unlabeled TPN was reduced with unlabeled 
6-phosphogluconate in a medium of D,0. Analysis of the 
glutamic acid and the nicotinamide formed by Reactions 3 and 4 
showed that there was only a relatively small amount of D in- 
corporated into the TPNH formed in Reaction 5. This showed 
that the reaction involved essentially a direct transfer of hydro- 
gen. Actually, the D contents of the nicotinamide and of the 
glutamic acid amounted to 5% of the D content of the medium. 
Some, if not all, of the D incorporation in the nicotinamide may 
have occurred when the phosphogluconic dehydrogenase was 
heat-inactivated at the conclusion of Reaction 5. A small 
amount of TPN+ was present, and TPN+ would be expected to 
behave like DPN*, which has been shown to incorporate D from 
a medium in which it is heated, particularly at alkaline pH (13). 
It is more difficult to explain the incorporation of D into gluta- 
mate. The amount of excess D found, though small, was suffi- 


cient to be detected with certainty. Since the D,O was com- _ 


pletely removed by lyophilization after completion of Reaction 5, 
the implication may be that this reaction occurs with direct 
hydrogen transfer only to the extent of 96 rather than 100%. 
This conclusion is by no means certain, however, since the enzyme 
preparation used was not highly purified, and it is possible that 
the small amount of D incorporation observed represents the 
results of a side reaction. 

Another experiment with a second different enzyme prepara- 
tion (designated B) gave results which could best be explained by 
the postulated occurrence of a relatively rapid side reaction 
which might be the same one that was responsible for the incor- 
poration of D into glutamate in the experiment described above. 
The anomalous results obtained with 6-phosphogluconic dehy- 
drogenase B are given below because they suggest that unknown 
or little recognized reactions may be associated with the hexose 
phosphate “‘shunt.”’ 

In the fractionation of glucose 6-phosphate dehydrogenase 
according to Kornberg and Horecker (14), the 6-phosphogluconic 
dehydrogenase activity accompanies the glucose 6-phosphate 
dehydrogenase activity, through the ammonium sulfate fractiona- 
tion designated Step 4. The precipitate obtained between 60.6 
and 75% saturation with (NH,)2SO, was dissolved in 0.1 m phos- 
phate buffer of pH 7.5 and dialyzed for 3 hours against two 
changes of 10 volumes of the same buffer, to give Preparation B. 
This preparation had a specific activity of 0.29 unit of phos- 
phogluconic dehydrogenase activity per mg of protein. An 
experiment was performed in which TPN(D)* was reduced by 
6-phosphogluconate in the presence of Enzyme B. The experi- 
mental procedure was almost identical to that described for the 
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TaBLeE II 
Direct transfer and steric specificity in phosphogluconic 
dehydrogenase reaction 

Experiments 1 and 2.—The procedure used was essentially the 
same as that described for Experiment 3 except that the reactions 
were carried out in a medium of water uxing TPN(D)* as the 
source of the deuterium label. The lyophilizations to remove D.O 
were omitted. 

Experiment 3.—The reaction mixture contained 181 ymoles of 
TPN*, adjusted to pH 7.5, 400 umoles of MgClz, 1740 umoles of 
glycylglycine buffer of pH 7.5 and 245 umoles of 6-phosphoglu- 
conate. D:O was added to give a final volume of 30 ml of 78% 
D.0. The reaction was initiated by the addition of 4.1 units of 
phosphogluconic dehydrogenase. After 24 hours spectrophoto- 
metric measurements showed that 145.5 umoles of TPNH were 
formed. The pH of the solution was adjusted to 8.6, the enzyme 
was inactivated by heat, and the mixture was centrifuged. The 
sample was lyophilized to dryness and redissolved in H.O, three 
times, to remove the D,0. The solution was adjusted to pH 7. 
Analysis showed that 110 uzmoles of TPNH were recovered. Added 
to reoxidize 95 ymoles of TPNH were 156 umoles of a-ketoglutarate, 
600 wmoles of NH,Cl adjusted to pH 7, and 0.5 ml of glutamic de- 
hydrogenase suspension. An aliquot containing 57 umoles of re- 
oxidized TPN was used for isolation of the glutamic acid after 
addition of 2500 uzmoles of diluent glutamic acid and heat inactiva- 
tion of the enzyme. The TPN* in the remainder of the reaction 
mixture was hydrolyzed by the addition of DPNase and 2050 
umoles of diluent nicotinamide were added. 


Nicotinamide Glutamic acid 


Atom % excess Atom ¥ excess 
2 Oxidant Medium Atom D — 
dilu- dilution 
tion 
1 | TPN(D)** | 0.182) 2.58) 0.16 | 0.0015) 0.030) 0.003 
2 | TPN(D)* | H:O | 0.086) 2.43) 0.147; 0.0025) 0.048 0.004 
3 | TPNt D.0 | 0.015, 0.66) 0.05f 0.01 0.45 | 0.052f 


* The deuterium content of the TPN(D)* was 0.17 atom of 
excess D per molecule. 

+t Corrected for the amount of TPN(D)* not reduced by phos- 
phogluconic dehydrogenase. 

t Corrected to 100% D.0O. 


other enzyme preparation. The TPND was reoxidized by the 
glutamic dehydrogenase reaction, and the glutamic acid was 
found to contain only 35% of the D initially present in the 
TPN(D)+, whereas the nicotinamide contained 29% of the D. 
In other words, there was a partial loss of D to the medium and 
the reaction appeared to lack steric specificity for TPN. Since 
it is unlikely that yeast contains two different kinds of 6-phos- 
phogluconic dehydrogenase, one of which is sterically specific 
and the other of which is not, the apparent racemization and 
partial loss of D with Enzyme B was most probably due to a 
contaminating enzyme or enzymes. Results indicating com- 
plete steric specificity and direct hydrogen transfer might be 
unaffected by side reactions, but they could hardly be caused by 
side reactions. The nature of the contaminating enzyme or 
enzymes in Preparation B is not known. The reaction was 
carried out in an evacuated Thunberg tube to avoid the disturb- 
ing effects of a TPNH oxidase, which did not seem to be present 
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in sufficient amount to account for the results obtained. Prep- 
aration B did not catalyze a reduction or oxidation of TPN by 
ribose 5-phosphate. It is of interest to note that a contamina- 
tion of Enzyme B with a 2-keto-6-phosphogluconic reductase 
(15) could give the observed results, if this enzyme had a-stereo- 
specificity for TPN. The loss of label could occur by enolization. 
Such an enzyme would not be detected in the assay for 6-phos- 
phogluconic dehydrogenase. It is also of interest that the re- 
sults with Preparation B represented the first instance we have 
encountered in these hydrogen transfer studies in which a totally 
misleading result was obtained, presumably because of side reac- 
tions caused by “contaminating” enzymes. Very crude enzyme 
preparations have in other instances been used quite successfully, 


SUMMARY 


When triphosphopyridine nucleotide (TPN) was reduced, in 
the presence of glucose 6-phosphate dehydrogenase, with glucose 
6-phosphate containing deuterium (D) at Position 1, the D was 
transferred to TPN. The reduced TPND was shown to transfer 
D to glutamate in the reaction catalyzed by glutamic dehydrogen- 
ase. The conclusion was drawn that the reaction catalyzed by 
glucose 6-phosphate dehydrogenase involves direct transfer of 
hydrogen from glucose 6-phosphate to TPN, with 6 stereospeci- 
ficity for the nicotinamide ring of TPN. 

The oxidation of 6-phosphogluconate by deutero-TPN, cata- 
lyzed by 6-phosphogluconic dehydrogenase, resulted in the forma- 
tion of reduced TPN which retained its deuterium when re- 
oxidized by the glutamic dehydrogenase system. When these 
reactions were carried out in D,O, with unlabeled compounds, 
little deuterium was found in the isolated glutamic acid or 
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nicotinamide. These results demonstrated that the reaction 
catalyzed by 6-phosphogluconic dehydrogenase proceeds by di- 
rect hydrogen transfer from the substrate to the pyridine nucleo- 
tide with 6 stereospecificity for the nicotinamide ring of TPN. 
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Glutathione reductase catalyzes the oxidation of reduced pyri- 
dine nucleotides by oxidized glutathione, as shown in Equation 
1 (1, 2). It is not practicable to use isotopes of hydrogen to 
determine whether or not this reaction involves a direct transfer 
of hydrogen, since the H of GSH exchanges rapidly with the 


GSSG + TPNH (or DPNH) + Ht > 
2GSH + TPN* (or DPN*) 


medium. It is, on the other hand, quite possible to use deute- 
rium-labeled reduced nucleotides to determine whether the re- 
moval of hydrogen from the reduced pyridine nucleotide is 
sterically specific. This paper presents evidence that the glu- 
tathione reductases of yeast (3) and of Escherichia coli (4) both 
have B-stereospecificity! for the pyridine nucleotide. 


EXPERIMENTAL 


Materials and Methods 


Crystalline glutathione reductase, prepared from yeast (3) 
was a generous gift from Dr. E. Racker. The enzyme had a 
specific activity of 8.8 units (umoles of TPNH oxidized per 
minute) per mg of protein, after lyophilization, but had lost 
approximately three-fourths of this activity when it was used 
in the experiments here described. Another preparation of 
glutathione reductase was obtained from Escherichia colt accord- 
ing to the procedure described by Asnis (4). The final product 
had a specific activity of 1.4 units per mg of protein, in which 
units are defined as above, but the assay system was that de- 
scribed by Asnis (4). GSSG was a product of Schwartz Labo- 
ratories. All other materials and procedures are described in the 
preceding papers (5, 6). 


RESULTS AND DISCUSSION 


Yeast Glutathione Reductase 


The glutathione reductase of yeast has been shown by Racker 
(3) to operate with DPN and with TPN. The oxidation of 


* This investigation was supported in part by a research grant 
from the National Institutes of Health, United States Public 
Health Service, and by the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. The contents of 
this paper are taken from a thesis submitted by B. K. Stern in 
partial fulfillment of the requirements for a Ph.D. degree. 

1 The prefixes a and # are used to differentiate the two positions 
of the hydrogen on the methylene group in the reduced nicotinam- 
ide ring of DPN and TPN. Further definitions of these terms 
and a list of abbreviations used are given in the preceding pa- 


per (5). 


DPNH is relatively slow and requires phosphate, whereas that 
of TPNH has no phosphate requirement. In the present study, 
the steric specificity of the yeast glutathione reductase reaction 
was determined for both pyridine nucleotides. 

To determine the steric specificity for TPNH, both B-TPND 
and a-TPND were used. The 8-TPND was prepared by enzy- 


Ls-Isocitrate + TPN(D)*+ (2) 
a-ketoglutarate + CO, + 
6-Phosphogluconate + TPN(D)* — 
ribulose 5-phosphate + CO. + a-TPND 
matic reduction of TPN(D)+ with isocitrate (5) (Equation 2), 
and the a-TPND was prepared by enzymatic reduction of 
TPN(D)* with 6-phosphogluconate (6) (Equation 3). The 


TPND was in each case reoxidized by GSSG in the presence of 
the reductase (Equation 1); and the TPN+ thus formed was 


(3) 


hydrolyzed to nicotinamide which was isolated and analyzed for 


deuterium after suitable dilution with unlabeled carrier. The 
results, given in the first two lines of Table I, show that the 
deuterium was completely lost from B-TPND after enzymatic 
oxidation by GSSG, and largely retained by a-TPND. 

The data in the last line of Table I show that a-DPND also 
retained most of its label after enzymatic reoxidation with GSSG. 
This a-DPND was prepared by reduction of DPN with dideu- 
tero ethanol in the presence of yeast alcohol dehydrogenase (7) 
(Equation 4). The reoxidized DPN was hydrolyzed to nico- 
tinamide which was isolated and analyzed for deuterium. 

The conclusion drawn from the data shown in Table I is 


Ethanol-1,1-D2, + DPNt — 
acetaldehyde-1-D + a-DPND + Ht 


that yeast glutathione reductase has 6-stereospecificity for both 
TPN and DPN. It is possible, however, that the enzyme causes 
a relatively slow labilization of hydrogen in the a-para position 
of the nicotinamide moiety, particularly in the case of DPN. 
The a-DPND apparently retained only 78% rather than 100% 
of its label after enzymatic oxidation by GSSG. Though a 
cumulative analytical error of about 10% is quite possible in 
these experiments, an analytical error of 20% is improbable. 
Evidence was previously obtained that triose phosphate dehy- 
drogenase preparations cause a relatively slow exchange of the 
a-para hydrogen of the reduced nicotinamide ring of DPN, 
though the oxidation-reduction reaction catalyzed by the enzyme 
has 6-stereospecificity (8). Perhaps the glutathione reductase 
acts similarly. The data are insufficient to reach a conclusion 
on this point. 


(4) 
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TABLE I 
Steric specificity of yeast glutathione reductase for TPN and DPN 

Experiment 1—The reaction mixture contained 73 umoles of 
TPN(D)*, 18 wmoles of MnCl:, 340 umoles of DL-isocitrate, and 
750 umoles of glycylglycine buffer, pH 7.5, in 20.7 ml of water. 
The reaction was initiated by the addition of 6000 units of isocitric 
dehydrogenase. Spectrophotometric measurements showed that 
72.5 pymoles of TPNH were formed. The pH was adjusted to 8.3, 
the enzyme was inactivated by heating, and the pH was adjusted 
to 7.5. To this solution, containing 58.7 wymoles of TPNH, there 
were added 150 umoles of GSSG, pH 7, 25 mg of bovine serum al- 
bumin, and 3.4 units of crystalline yeast glutathione reductase; 
55.4 umoles of TPNH were reoxidized. The nicotinamide riboside 
linkage of the TPN was hydrolyzed with DPNase and 525 umoles 
of diluent nicotinamide were added. The nicotinamide was iso- 
lated and analyzed for D as described previously (5). 

Experiment 2—The reaction mixture contained 20.6 uwmoles of 
TPN (D)*, 60 umoles of MgCle, 250 uzmoles of glycylglycine buffer, 
pH 7.5, and 56 uwmoles of potassium 6-phosphogluconate in 9.5 ml 
of water. The reaction was initiated by the addition of 0.73 unit 
of phosphogluconic dehydrogenase; 17.5 uymoles of TPNH were 
formed. The pH of the solution was adjusted to 8.3, the enzyme 
inactivated by heating, and the pH was then adjusted to 7.5; 15.2 
pmoles of TPNH remained. Added were 30 umoles of GSSG, 10 
mg of bovine serum albumin, and 5.6 units of yeast glutathione 
reductase. The enzyme was inactivated after 10.9 wmoles of 
TPNH had been oxidized. After hydrolysis of the TPN by DPN- 
ase, 525 umoles of diluent nicotinamide were added. 

Experiment 8—The reaction mixture contained 20 umoles of 
DPNt, 0.1 ml of dideuteroethanol (containing 2 atoms of D per 
molecule at the a position), and 300 umoles of potassium phosphate 
buffer of pH 9.6 in a total volume of 2.1 ml. A suspension of al- 
cohol dehydrogenase from Nutritional Biochemicals Company 
was dialyzed overnight against 0.05 m potassium phosphate buffer 
of pH 7.5 and 0.3 ml of the solution thus obtained was added to 
catalyze the reduction of DPN. After completion of the reaction, 
the enzyme was inactivated by heating and the pH adjusted to 
7.5. Analyses showed that 13 umoles of DPNH were present. 
Added were 40 umoles of GSSG of pH 7, 25 mg of bovine serum al- 
bumin, and 11.2 units of glutathione reductase; 11.5 wmoles of 
DPNH were oxidized. After the DPN was hydrolyzed by DPN- 
ase, 952 umoles of diluent nicotinamide were added. 


D content of nicotinamide after oxidation 
of TPND 
Atom D per 
Substance oxidized molecule of | Atom % excess D 
by GSSG substance 
oxidized Atom D per 
rouna | Gass | 
dilution 
B-TPND 0.17 0.027 | 0.23 | 0.014 0.00* 
a-TPND 0.17 0.067 | 2.58 | 0.154 0.150T 
a-DPND 1.00 0.153 | 12.9 0.78 0.78 


* Corrected for nonenzymatic oxidation of TPND. The rela- 
tively large amount of autoxidation of TPNH which occurred 
during heat inactivation of the enzyme was associated with the 
presence of Mn?* in the reaction mixture. 

t Corrected for incomplete reduction of TPN(D)* by 6-phos- 


phogluconate. 


Glutathione Reductase from Escherichia coli 


The highly purified and crystallized glutathione reductase of 
yeast appears to be pigment-free (3), as does the liver glutathione 
reductase purified by Langdon (9), but Asnis (4) has presented 
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evidence that the glutathione reductase of E. coli is a flavoprotein 
containing FAD as a prosthetic group. It therefore seemed of 
particular interest to examine the stereospecificity for TPN of 
the bacterial glutathione reductase, on the chance that the 
bacterial enzyme might be different from the yeast enzyme with 
respect to stereospecificity. No examples have yet been encoun- 
tered where the stereospecificity for the pyridine nucleotide has 
varied with the source of the enzyme catalyzing a particular 
reaction (10). 

The bacterial glutathione reductase was used to oxidize B- 
TPND prepared by reducing unlabeled TPN with glucose-1- 
D 6-phosphate as shown in Equation 5. The enzymes and rea- 
gents were identical with those used previously (6). After 


Glucose-1-D 6-phosphate + TPNt+ 
6-phosphoglucone-é-lactone + 8-TPND + Ht 


reoxidation of the B-TPND by GSSG, the TPN was hydrolyzed 
to nicotinamide which was analyzed for D in the usual manner. 

The results obtained in two separate experiments are shown 
in Table II. The deuterium content of the B-TPND oxidized 
by GSSG in these experiments was 0.78 atom D per molecule, as 
shown by the fact that this much D was transferred to glutamate 
in separate determinations (6). The deuterium content of the 
nicotinamide showed that about 90% of the label had been 
removed. The conclusion was drawn that the glutathione reduc- 


(5) 


TABLE II 
Steric specificity of bacterial glutathione reductase for TPN 


Experiment 1—The reaction mixture consisted of 72.8 umoles of 
TPN? and 1000 umoles of ATP, adjusted to pH 8, 510 umoles of 
potassium phosphate buffer of pH 8, 60 umoles of MgClz, 6.8 units 
of glucose 6-phosphate dehydrogenase (Fraction 2), and 5 mg of 
hexokinase, diluted to 10 ml with water. The reaction was initi- 
ated by the addition of 306 wmoles of glucose-1-D (containing 0.91 
atom excess D per molecule) and 61 unmoles of TPNH were formed. 
The pH was adjusted to 8, and the enzymes were inactivated by 
heat. After centrifugation, the pH was adjusted to 7. Spectro- 
photometric measurements showed that 57.5 umoles of TPNH 
were present. Added were 236 umoles of GSSG of pH 6.7 and 5.3 
units of glutathione reductase. After 86 minutes, 15.6 umoles of 
TPNH remained and an additional 2.7 units of glutathione reduc- 
tase were added. At the end of 135 minutes, 2.61 wmoles of TPNH 
remained. The enzyme was inactivated in a boiling water bath 
for2 minutes. The TPN* was hydrolyzed with DPNase. During 
heat inactivation of the DPNase, 598 uwmoles of diluent nicotina- 
mide were added. The nicotinamide was isolated and analyzed 
for D. The small amount of TPN not reduced by glucose 6-phos- 
phate, was calculated as diluent nicotinamide. 

Experiment 2—The quantities of the reagents used in this ex- 
periment were somewhat different, but the experimental procedure 
was the same. 


D content of nicotinamide after oxidation of B-TPND* 
Experiment No. Atom % excess D 
Atom D per molecule 
orrec or 
Found dilution 
J | 0.118 1.40 0.084 
2 oo 0.020 1.59 0.095 


* The 8-TPND contained 0.78 atom excess D per molecule in 
the 8-para position of the reduced nicotinamide ring. 
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tase of E. coli has B-stereospecificity for TPN. The retention 
of 10% of the D in the nicotinamide of TPN after enzymatic 
reoxidation by GSSG was about the same as the D retention 
previously found when similarly prepared B-TPND was reoxi- 
dized by a-ketoglutarate and ammonia in the presence of glu- 
tamic dehydrogenase (6). The D retained in the nicotinamide 
is thought to represent labeling in the a-reduced position, and 
the incorporation of D in this position is attributed to a side 
reaction due to a contaminant of the glucose 6-phosphate de- 
hydrogenase preparation (6). 

The bacterial glutathione reductase caused no detectable oxi- 
dation of DPNH by GSSG. This was confirmed by tests 
conducted in such a way that a rapid oxidation of DPNH would 
have been elicited with an equivalent amount of yeast enzyme. 

Exchange Reactton—The reaction sequence catalyzed by glu- 
tathione reductase from E. coli presumably involves the reduction 
of the flavin prosthetic group by TPNH, and the reoxidation of 
the reduced flavin prosthetic group by GSSG. These reactions 
might occur quite independently of each other. If the potential 
of the flavin is close to the potential of the pyridinenucleotide, 
the first reaction, shown in Equation 6, should be freely reversi- 
ble. Since the two extra hydrogen atoms in FADH:z are ex- 


TPNH + H* + FAD = TPN* + FADH, (6) 


changeable with hydrogen ions of the medium, the occurrence 
of Reaction 6 should result in the exchange of hydrogen of the 
medium into the hydrogen at the reduced position of TPNH. 

An experiment was carried out to determine the magnitude of 
such an exchange rate. In this experiment TPN was first re- 
duced to TPNH by the glucose 6-phosphate dehydrogenase 
reaction. The glucose 6-phosphate dehydrogenase was then 
heat inactivated and a large amount of bacterial glutathione 
reductase was added and incubated with the TPNH. The entire 
procedure was carried out in D,O. Sufficient enzyme (53.2 
units) and sufficient time (24 hours) were used so that seven 
times the amount of TPNH present would have been oxidized 
if an equivalent amount of GSSG had been added. After final 
heat inactivation of the glutathione reductase, the D2O was 
removed by lyophilization. The amount and position of the 
stable D incorporated in the reduced position of TPNH was 
determined by oxidation with the glutamic dehydrogenase sys- 
tem. The D present in the 6-para position of the reduced nico- 
tinamide ring was thereby transferred to glutamate (5). The 
nicotinamide of the reoxidized TPN would contain all the D 
present at any other position (including a-para) of the nicotin- 
amide. 

Results of analysis of the D content of the glutamic acid and 
nicotinamide are shown in Table III. Both contained substan- 
tial amounts of D but there was less in the nicotinamide. From 
the D content of the glutamic acid, one may infer that the hydro- 
gen in the 6 position of the TPNH had undergone an exchange of 
21%. This exchange reaction was + X } or 3k as fast as the 
oxidation of TPNH by GSSG. Though the measurements are 
only approximate, one may conclude that the exchange reaction 
is relatively slow. 

It is of interest to compare the above result with those ob- 
tained for the exchange rate caused by other pyridine nucleo- 
tide linked flavoprotein enzymes. Drysdale and Cohn (11) first 
measured such deuterium exchange with DPN-cytochrome 
reductase, and reported that the rate of the exchange reaction 
decreased with purification of the enzyme. With the more 
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TaB_eE III 
Hydrogen exchange catalyzed by glutathione reductase 


The reaction mixture consisted of 114 uwmoles of TPN*+ and 
1320 umoles of ATP, 130 uzmoles of MgCl, 840 umoles of potassium 
phosphate buffer of pH 8, 8.5 units of glucose 6-phosphate dehydro- 
genase (Fraction 2), and 7 mg of hexokinase in a final volume of 
15 ml of 76% D:O. Added were 472 umoles of unlabeled glucose to 
start the reaction; 111 wmoles of TPNH were formed. The pH 
was adjusted to 8.3 and the enzymes were inactivated by heating 
in a boiling water bath for 2 minutes. After centrifugation the 
pH was adjusted to 7.2. Spectrophotometric assay demonstrated 
that 111 pmoles of TPNH were present. Added were 53.2 units of 
glutathione reductase. The reaction mixture was incubated for 
24 hours. At the end of this period, 107 wmoles of TPNH re- 
mained. The pH was adjusted to 8.3 and the enzyme inactivated 
by heat. After centrifugation, the D,O was removed by lyophil- 
ization. The residue was twice taken up in H2O and redried, then 
finally dissolved in 15 ml of H2O. The pH was adjusted to 7.2. 
Assay showed that 76.5 uymoles of TPNH were present. Added 
were 152 umoles of a-ketoglutarate, 780 umoles of NH,Cl, and 0.5 
ml of glutamic dehydrogenase suspension; 73.2 uymoles of TPNH 
were oxidized. Glutamic acid was isolated from one-half of the 
reaction mixture after addition of 1200 umoles of diluent, and nico- 
tinamide was isolated from the other half after treatment with 
DPNase and addition of 2000 umoles of diluent. 


Nicotinamide Glutamic acid 
Atom % excess D Atom % excess D 
Atom D per Atom D per 
Corrected molecule* Corrected molecule* 
Found for Found or 
dilution dilution 
0.038 1.62 0.128 0.051 1.72 0.206 


Corrected to 100% D.0O. 


highly purified enzyme, the exchange rate was much smaller 
than the rate of the forward reaction. On the other hand, 
Weber e al. (12) observed a relatively rapid exchange with DPN- 
diaphorase. It is difficult to tell from their data exactly how the 
exchange rate compared with the rate of the forward reaction, 
but estimates suggest that these rates might have been approxi- 
mately equal. Thus it appears that the exchange rates catalyzed 
by different flavoproteins may vary widely in magnitude. This 
may reflect differences in the oxidation-reduction potential of the 
protein-bound flavin, though other factors would also affect the 
results. Weber et al. (12) are of the opinion that the exchange 
with diaphorase does not occur by way of bound flavin, but that 
some other chemical group is involved. 3 

The D content of the glutamic acid must reflect D present 
at the 6-para position of the reduced nicotinamide ring of TPNH, 
but the 0.13 atom of excess D in the nicotinamide does not neces- 
sarily reflect D at the a-para position. Some of the D of this 
compound is almost certainly present at Position 2 rather than 
at Position 4. Though most of the TPN was present as TPNH 
when the D.O reaction mixture was heated, some TPN*+ was 
always present, and TPN* would be expected to incorporate D 
from the medium at Position 2 of the nicotinamide moiety when 
heated in D.O (13). Estimates suggest however that less than 
one-third of the D in the nicotinamide is at Position 2. Another 
way in which D may be left in the nicotinamide is provided by 
nonenzymatic oxidation of 8B-TPND, either during the incubation 
with enzyme or during the removal of D.O. Analyses showed 
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that about one-fourth of the reduced TPN was oxidized during 
the latter procedure. This nonenzymatic oxidation might 
account for much of the D in the nicotinamide. Thus the ap- 
pearance of D in this compound does not necessarily reflect an 
enzyme-catalyzed exchange of hydrogen in the a-para position, 
though the possibility cannot be excluded that the enzyme causes 
some labilization of the a-hydrogen. 


SUMMARY 


When reduced triphosphopyridine nucleotide (TPNH) con- 
taining deuterium at the a- or 8-para positions of the nicotin- 
amide moiety was oxidized by oxidized glutathione in the presence 
of glutathione reductase from yeast, the label was removed from 
the B-position and retained in the a-position, showing that the 
enzyme has §-stereospecificity for TPN. This enzyme also 
was shown to have the same #-stereospecificity for diphospho- 
pyridine nucleotide. By similar procedures, glutathione reduc- 
tase from Escherichia coli was likewise shown to have {-stereo- 
specificity for TPN. With this latter enzyme, which is a flavo- 


protein, a determination was made of the rate at which the 
enzyme catalyzed an exchange between the hydrogen of the re- 
duced position of TPNH and the hydrogen of the medium. The 
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exchange rate was only about ,'; of the rate of the oxidation of 


TPNH by oxidized glutathione. 
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Spectrophotometric investigations of photosynthetic bacteria 
have shown that illumination of anaerobic suspensions of bacteria 
with infrared light produces changes in cytochrome and carote- 
noid pigments (1-4). Two cytochrome chains are oxidized on 
illumination of anaerobic suspensions of Rhodospirillum rubrum 
and Rhodopseudomonas spheroides: One is the respiratory chain 
cytochrome system which can be oxidized by oxygen; the other 
is oxidized only on illumination (3, 5). 

Illumination of aerobic suspensions of Rhodospirillum rubrum 
and Rhodopseudomonas spheroides results in different changes in 
absorption spectrum from those observed with anaerobic bac- 
teria (2, 4, 6). The changes in absorption spectrum related to 
the carotenoid pigments which are observed in anaerobic bacteria 
appear in aerobic cells to only a very small extent. However, 
illumination of aerobic cells results in the appearance of a broad 
absorption band around 434 my, which is much broader than 
the cytochrome absorption bands in this region of the spectrum, 
and the only cytochrome seen to be oxidized on illumination of 
aerobic cells is cytochrome ce, which is specifically involved in 
light-induced reactions (5). The changes in absorption spectrum 
produced by illumination of aerobic R. rubrum and R. spheroides 
are markedly increased under a number of conditions. This 
paper describes some of these and compares the absorption spec- 
trum changes seen in aerobic bacteria with similar changes ob- 
served in cell-free extracts of Rhodospirillum rubrum and with 
the observations of Olson and Chance (7) on aerobic suspensions 
of Chromatium. 


METHODS 


Culture of Bacterta—Rhodospirillum rubrum, van Niel Strain 1, 
obtained from Dr. M} Kamen, were grown under illumination in 
the medium described by Gest et al. (8). In most experiments 
observations were made with cells taken directly from a 48-hour 
culture. When washed cells were used, they were washed twice 
by centrifugation in 0.02 m glycylglycine buffer, pH 7.5, then 
suspended in the buffer to about the same density as the cells 
from the culture bottle. 

Rhodopseudomonas spheroides, Strain 241C, were obtained 
from Dr. G. Cohen-Bazire and grown with illumination in the 
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medium she described (9). The bacteria were used directly from 
the culture bottle after growth for 48 hours. 

All bacteria were grown in filled glass-stoppered bottles at 29° 
in a water bath with glass sides. Illumination was furnished by 
a bank of 75-watt Westinghouse reflector spot lamps at a distance 
of 24 cm from the bath (approximately 17,000 lux). 

Preparation of Cell-free Extracts of R. rubrum—The bacteria 
were washed once with 0.01 m Versene solution, pH 7.4, contain- 
ing 75 g sucrose per liter. The paste of cells was ground in a 
cold mortar with Alumina A-301 equal to 3 times the weight of 
cell paste. The mixture was then extracted with a volume of 
cold 0.2 m glycylglycine buffer equal to 4 times the wet weight 
of cells. After centrifugation at 8100 x g for 10 minutes, the 
dark purple supernatant fluid was decanted. 

Measurement of Oxygen Tension in Bacterial Suspensions—A 
microplatinum oxygen electrode (10) was occasionally used to 
ascertain whether a bacterial suspension was aerobic or anaero- 
bic. Another way of doing this is to measure the extent and 
direction of the optical density change at 430 my on illumination 
(see Fig. 1). 

Measurement of Optical Density Changes Resulting from Illumi- 
nation—The changes in optical density at different wave lengths 
between 400 to 620 my were measured when aerobic suspensions 
of bacteria were illuminated. Similar measurements were made 
with both aerobic and anaerobic cell-free extracts. Here the 
increase in optical density at 430 my accompanying the change 
from aerobic to anaerobic was used as an indication of the state 
of the extract. The optical density changes were plotted against 
the wave lengths to give the illuminated minus dark difference 
spectra. The absorption spectrum changes were measured with 
a double-beam spectrophotometer like that used in previous ex- 
periments (2-5) with photosynthetic bacteria. This instrument 
records automatically the change in the absorbancy difference 
between two wave lengths, one monochromator being kept at a 
reference wave length and the other being varied to measure 
the spectrum of the changes in absorption. The reference wave 
length is indicated for each difference spectrum. The advantage 
of the double-beam instrument is that nonspectral changes in 
signal, such as those resulting from changes in light scattering, 
are minimized. Infrared illumination of the suspensions was at 
right angles to the measuring beam by a 100-watt projection 
lamp connected to a 110-volt direct current line in series with a 
50-ohm resistor, the lamp filament being at an effective distance 
of 10 cm from the sample. The intensity of illumination was 
estimated to be about 5000 lux. The light was filtered through 
a Wratten 88A filter, which removes light of wave lengths shorter 
than 720 mu. The slit width of the measuring beam was kept 
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+ Ol2 - 


Optical Density Increment 


410 430 450 
A(my) 

Fig. 1. Difference spectra of intact cells of R. rubrum. (a) 
anaerobic minus aerobic cells in the dark; (6) dark minus illumi- 
nated anaerobic bacteria; (c) illuminated minus dark aerobic bac- 
teria. The bacteria were taken directly from a growing culture. 
The data are from a previous paper (2). 


small, so that the band width was never greater than 3 my in 
the Soret region of the spectrum and was smaller than this in 
the region between 500 to 600 mu. 


RESULTS 


Difference Spectra 


Rhodospirillum rubrum. Intact Cells—Fig. 1, from a previous 
communication (2), shows the small change in absorption spec- 
trum between 400 to 450 my which appears on illumination of 
aerobic cells of R. rubrum taken from a growing culture (curve c). 
Curve b compares this change in absorption spectrum with that 
seen when the anaerobic bacteria are illuminated, and curve a 
shows the oxidation of the respiratory chain cytochrome system 
when anaerobic cells are aerated in the dark. In Fig. 2 the 
difference in absorption spectrum between illuminated and dark 
aerobic cells of R. rubrum is plotted throughout the spectral 
region between 400 to 600 my and also the same difference spec- 
trum measured in the presence of 10-4 m phenylmercuric acetate.! 
The changes in absorption spectrum between 450 to 600 my are 
similar to the changes related to the carotenoids previously de- 
scribed in anaerobic bacteria (2, 3), but the changes are small in 
aerobic bacteria in the absence of phenylmercuric acetate. The 
trough in the difference spectrum at 420 my in the absence of 
phenylmercuric acetate represents the oxidation of the cyto- 
chrome system which is activated on illumination (cytochrome 
c2) (5); it is low or absent in the presence of phenylmercuric 
acetate. The nature of the absorption peak at 434 my is un- 
known; it will be discussed later. Fig. 3 shows that the light 
minus dark difference spectrum of aerobic cells in the presence of 
phenylmercuric acetate is similar to that obtained when washed 
aerobic cells of R. rubrum are illuminated. These two spectra 


1 It has been shown previously (2) that phenylmercuric acetate 
inhibits the respiration of the bacteria and also inhibits the reduc- 
tion (or promotes the aerobic oxidation) of cytochrome cz. The 
inhibitor in the concentration used does not usually completely 
inhibit the respiration. 
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show only small troughs around 420 mu. The washed cells and 
the cells containing this concentration of phenylmercuric acetate 
will respire slowly and will eventually become anaerobic after a 
prolonged time. When they finally become anaerobic, the 
changes in absorption spectrum after illumination are the same 
as those observed when anaerobic unwashed cells are illuminated 
in the absence of phenylmercuric acetate. To sum up, illumina- 
tion of anaerobic cells of R. rubrum always results in the absorp- 
tion spectrum changes of cytochromes and carotenoids described 
previously. In aerobic unwashed bacteria, illumination produces 
only small changes in absorption spectrum, and these show carote- 
noid changes, oxidation of cytochrome cz, and the appearance 
of a broad absorption band at 434 mu. When the cells are 
washed or when phenylmercuric acetate is added, the oxidation 
of cytochrome cz is decreased or disappears, whereas the other 
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Fic. 2. Difference in absorption spectrum between illuminated 
and dark aerobic cells of R. rubrum in the presence and absence of 
phenylmercuric acetate (10-4 m). The bacteria were a 48-hour 
culture. Reference wave length is 470 mz. 
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Fia. 3. Difference in absorption spectrum between illuminated 
and dark aerobic cells of R. rubrum, either unwashed with phenyl- 
mercuric acetate (10-4 mM) or washed twice with 0.02 m glycylgly- 
cine buffer. Reference wave length is 470 mz. 
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changes in absorption spectrum are markedly increased. When 
a substrate, such as succinate, is added to the aerobic washed 
cells, the peaks in the illuminated minus dark difference spectrum 
of the aerobic cells decrease, but they do not return to the very 
low level seen in unwashed cells. 

Cell-free Extracts—Previous work with cell-free extracts of R. 
rubrum (5) showed that the respiratory chain cytochrome system 
is oxidized on addition of oxygen to anaerobic extract in the dark. 
Although it is technically difficult to make these measurements 
in the region of the carotenoid absorption bands, there does not 
seem to be any change in carotenoid absorption spectrum on re- 
action with oxygen in the dark. Illumination of either aerobic 
or anaerobic extracts results in the appearance of the same ab- 
sorption peaks seen in washed or phenylmercuric acetate-treated 
aerobic cells (Fig. 4). There is no pronounced trough at 420 mu, 
but there is a slight shoulder at 410 to 420 my. As previously 
reported (5), when adenosine diphosphate is added to the extract, 
so that light-induced phosphorylation can proceed, a trough ap- 
pears at 420 my on illumination and the absorption peak at 434 
mu decreases. The carotenoid absorption spectrum changes 
which appear on illumination of the extracts also decrease some- 
what when the extracts are illuminated under conditions where 
light-induced phosphorylation is taking place. Fig. 5 shows that 
the broad absorption band at 434 my is still formed when heat- 
treated extract is illuminated. The extract was heated at 70° 
for 30 minutes; then the precipitate was suspended in 1.5 m 
sucrose, which prevented its settling. It was not possible to get 
consistent results on illumination of the heated extract in the 
region between 500 to 600 mu. 

Rhodopseudomonas spheroides—The difference spectrum of 
illuminated minus dark aerobic cells of R. spheroides shows the 
same broad absorption peak at about 434 my and the same trough 
at 420 my seen in aerobic cells of R. rubrum, and sometimes the 
trough at 420 my is quite large. In the spectral region between 
450 to 600 my the absorption spectrum changes are those related 
to the carotenoid pigments (3) and, as in R. rubrum, are small 
in aerobic cells. Also as in R. rubrum, the absorption peaks in- 
crease when phenylmercuric acetate is present, and the trough 


Cell-free extract of Rhodospirillum rubrum 


illuminated minus dark extract 


—-— aerobic extract 
@------e Gncerobic extract 


400 450 500 350 “600 


wavelength mu 


Fig. 4. Illuminated minus dark cell-free extract of R. rubrum 
in aerobic and anaerobic states. The extract was diluted 6-fold 
in 0.2 m glycylglycine buffer, pH 7.4. The data in the two regions 
of the spectrum were obtained with different extracts. The refer- 
ence wave length is 470 my. 
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Cell- free extract of Rhodospirillum rubrum 


———- untreated extract 
o-0--heat-treated extract 
30: 


400 410 420 430 440 


wavelength my 


Fic. 5. Illuminated minus dark aerobic extract of R. rubrum 
before and after heating for 30 minutes at 70°. The unheated 
extract was diluted 6-fold in 0.2 m glycylglycine buffer, pH 7.4. 
The heated extract was diluted 6-fold in 1.5m sucrose. Reference 
wave length is 470 my. 


Rhodopseudomonas spheroides 


illuminated minus dark aerobic bacteria 
in the presence of phenylmercuric acetate 
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wavelength my 


Fig. 6. Dluminated minus dark aerobic suspension of R. sphe- 
roides in the presence of phenylmercuric acetate (10-‘m). The 
bacteria were a 48-hour culture. Reference wave length is 470 
my. 


at 420 my is small or absent in the presence of the inhibitor. 
Fig. 6 plots the illuminated minus dark difference spectrum of 
aerobic R. spheroides containing phenylmercuric acetate. The 
same difference spectrum was obtained when phenylmercuric 
acetate was replaced by cyanide. 

Olson and Chance (7) have observed that illumination of 
aerobic Chromatium results in a typical cytochrome difference 
spectrum with a large trough at 422 my and smaller troughs at 
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556 and 524 my; no other peaks and troughs are easily distin- 
guished. However, in aerobic cultures low in substrate or con- 
taining phenylmercuric acetate (3 to 6 X 10-5 m) the difference 
spectra show a broad absorption peak at 436 my which corre- 
sponds to the band at 434 mu in the other two species, with only 
a small trough around 421 my. In the presence of phenyl- 
mercuric acetate the absorption peaks in the visible region of 
the spectrum have been observed at 522 and 480 my, with 
troughs at 470, 503, and 555 mu and a shoulder at 540 mu. In 
general aspect the difference spectrum resembles that for R. 
rubrum in the presence of the inhibitor (Fig. 3), but there is no 
one-to-one correspondence between carotenoid absorption peaks 
and the troughs in the Chromatium difference spectrum. 


Kinetics of Absorption Spectrum Changes 


Measurements of the kinetics of the appearance of the absorp- 
tion peak at 434 my show that in R. rubrum the substance re- 
sponsible for this absorption peak is formed at a more rapid rate 
than the anaerobic oxidation of the respiratory chain cytochromes 
on illumination (decrease in optical density at 428 my), but its 
formation is slower than the aerobic oxidation of cytochrome cz 
on illumination (decrease in optical density at 420 mu). On the 
other hand, in cell-free extracts of R. rubrum which are phos- 
phorylating adenosine diphosphate in the light, the oxidation of 
cytochrome cz on illumination is slower than the appearance of 
the absorption peak at 434 mu. In aerobic Chromatium in the 
presence of phenylmercuric acetate (8 < 10-5 m), the half-time 
for the appearance of the broad absorption peak at 436 my upon 
illumination is 5 to 6 times the half-time for the oxidation of 
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cytochrome 422 (decrease in optical density at 422 my), a reac- 
tion which is slower than the fastest cytochrome oxidation ob- 
served when anaerobic cells of Chromatium are illuminated (7). 

Taken all together, the measurements of the kinetics of the 
optical density changes lead to the conclusion that the appear- 
ance of the trough at 420 my and of the absorption peak at 434 
my represent two independent reactions, sometimes one, some- 
times the other appearing more rapidly. The substance with 
the absorption peak at 434 my could not be the precursor of 
oxidized cytochrome C2. 


Effect of Varying Light Intensity 


The extent of optical density change on illumination was meas- 
ured at three wave lengths with varying intensities of stimulating 
light in aerobic R. spheroides containing phenylmercuric acetate. 
The intensity of the illuminating beam was decreased by gray 
filters of measured optical density at 800 mu. Measurements 
were made at 432, 490, and 523 mu. In Fig. 7 the inverse of 
the optical density changes on illumination are plotted against 
the inverse of the transmission of the filters. The data show that 
the effect of light intensity on the optical density change at 432 
my on illumination is different from those at 490 and 523 mu, 
At higher light intensities the optical density changes at 432 my 
are relatively greater than at the wave lengths corresponding to 
the carotenoid pigments. 


DISCUSSION 


The complex changes in absorption spectrum which are ob- 
served on illumination of aerobic cells of photosynthetic bacteria 


spheroides plus PMA 


i opticar density increment 


10 15 20 


transmittance of filter 


Fic. 7. The effect of light intensity on the changes in absorption spectrum after illumination of aerobic R. spheroides containing 
phenylmercuric acetate (10-‘ m). The light intensity was decreased by addition of gray filters. The transmittance of each filter at 


800 my was measured in a Beckman DU spectrophotometer. 
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or of cell-free extracts must result from reactions of at least three 
different kinds of pigment: 

(a) The trough in the region of 420 my represents the oxida- 
tion of cytochrome cz or a similar cytochrome. 

(b) The broad absorption band at 434 my corresponds to a 
pigment of unknown nature. 

(c) In R. rubrum and R. spheroides absorption spectrum 
changes in the region between 450 to 600 my may be ascribed to 
carotenoid pigments; similar absorption spectrum changes in 
Chromatium under special conditions (7) do not as yet have a 
satisfactory interpretation. 

These three types of changes will be considered separately. 

(a) The trough in the absorption spectrum around 420 mu 
corresponds to the oxidation of the cytochrome which is part of 
the system activated only on illumination. The oxidation of 
this cytochrome on illumination of aerobic bacteria fits with the 
scheme suggested (5) for two separate electron transport chains 
in R. rubrum, one of which is the respiratory electron transport 
chain which can react with oxygen. The latter chain would be 
oxidized under aerobic conditions, and thus only the system over 
which the photooxidant and the photoreductant react to form 
adenosine triphosphate would show a spectroscopic change. 
Earlier experiments (5) demonstrated that the trough at 420 mu 
is seen in cell-free extracts only under conditions when the light- 
induced phosphorylating system is active. 

The trough at 420 my is small or absent when washed bacteria 
or bacteria containing phenylmercuric acetate are illuminated 
under aerobic conditions. This would be expected, since wash- 
ing could remove substrates and some substance essential in the 
phosphorylating system, and phenylmercuric acetate has been 
shown to inhibit light-induced phosphorylation (5). 

The extent of cytochrome oxidation on illumination of aerobic 
Chromatium is much greater than that observed in intact aerobic 
cells of R. rubrum or R. spheroides (7). In Chromatium a, B, 
and y bands of the cytochromes can be seen on illumination, 
whereas in R. rubrum and R. spheroides only a small change in 
the cytochrome Soret band is apparent. The corresponding 
changes in a and 8 bands would be too small to measure. Thus 
in R. rubrum and R. spheroides in the spectral region between 
450 to 600 mu the changes in absorption spectrum are not those 
of cytochrome pigments. Whether the large cytochrome change 
seen in aerobic Chromatium on illumination masks other small 
changes in absorption spectrum would be difficult to tell. The 
very large cytochrome oxidation on illumination of aerobic 
Chromatium could mean that a relatively large part of the oxidiz- 
ing and reducing equivalents formed on illumination react over 
this cytochrome cz pathway, as compared with R. rubrum and 
R. spherordes. 

(b) The nature of the substance responsible for the broad 
absorption peak around 434 my is unknown. This absorption 
peak was described by Duysens (6) in illuminated aercbic “‘water- 
treated” cells of R. rubrum. The “water-treated” cells may be 
similar to the washed cells used here. Although there have 
been suggestions relating this absorption peak to reduced cyto- 
chrome (2) or to oxidized chlorophyll (11), there is evidence 
against both of these postulates. The absorption band is much 


broader than that typical of a cytochrome pigment, and Olson 
and Kok (12) have shown that its appearance is not synchronous 
with changes in the infrared absorption bands of bacteriochloro- 
phyll. 
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the carotenoids are highly variable (see Figs. 2, 3, and 4). 
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The absorption band at 434 my only appears on illumination 
of the bacteria under special conditions; it has never been seen 
to appear on reaction with oxygen. The presence of oxygen is 
not necessary for its formation, since it is formed on illumination 
of anaerobic cell-free extracts. The absorption peak seems to 
appear when the electron transport systems are partially or to- 
tally blocked. For example, it is quite small in aerobic unwashed 
cells containing substrate, but increases markedly when the cells 
are washed, when both electron chains are probably inhibited. 
It then decreases again when substrate is added so that the re- 
spiratory chain system is activated. In illuminated cell-free ex- 
tracts it decreases when light-induced phosphorylation is ini- 
tiated (5). Inhibitors of the electron transport reactions produce 
an increase in this absorption peak. In anaerobic suspensions 
of R. rubrum or R. spheroides the absorption peak at 434 mu 
does not appear on illumination, but there is some evidence for 
the accumulation of a small amount in Chromatium in the light 
(7). In the anaerobic bacteria the cytochrome chains would all 
be reduced, and electron transport can proceed; under these con- 
ditions the pigment does not appear at all in R. rubrum or R. 
spheroides and appears to only a very small extent in Chromatium. 
Thus it does not seem to participate in the uninhibited reactions. 
Supporting evidence for the view that this change in absorption 
spectrum takes place only under “abnormal”’ conditions is the 
observation that it appears in somewhat increased amounts on 
illumination of extracts of R. rubrum which have been heat- 
treated. 

The absorption peak at 434 my is not related to the changes in 
the carotenoid pigments, although under some conditions both 
are increased. This is shown in several ways: The relative 
heights of the absorption peak at 434 my and those related to 
The 
steady state levels of the 434 my peak and the carotenoid absorp- 
tion peaks vary differently with changes in the intensity of the 
stimulating light. And another significant difference between 
the absorption peak at 434 my and the absorption peaks related 
to changes in the carotenoid pigments is that the former only 
appears under conditions where electron transport reactions are 
inhibited, but the latter are seen in bacteria carrying out normal 
oxidation reactions, such as on illumination of anaerobic cells. 
Also the carotenoid changes follow on reaction with either oxygen 
or light, while the 434 my absorption peak only results from 
illumination. 

(c) As in anaerobic cells, illumination of aerobic bacteria re- 
sults in some decrease in the carotenoid absorption peaks and 
the appearance of absorption peaks at longer wave lengths. In 
aerobic unwashed cells containing substrate, these changes are 
very small, but are increased under some conditions. These 
changes related to the carotenoids are complex and will be dis- 
cussed in the following paper, which presents additional data on 
the subject. 


SUMMARY 


Illumination of aerobic suspensions of Rhodospirillum rubrum 
or Rhodopseudomonas spheroides results in three kinds of changes 
of absorption spectrum: 

(a) Oxidation of one of the cytochrome systems. This is the 
electron transport chain over which the photooxidant and photo- 
reductant react coincident with the phosphorylation of adenosine 
diphosphate to adenosine triphosphate. 
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(b) The appearance of a broad absorption peak at 434 mu. 

(c) A decrease in the carotenoid absorption peaks and the 
appearance of absorption peaks at longer wave lengths. 

Changes (b) and (c) are always very small in aerobic bacteria 
taken directly from a growing culture, but these are increased 
when bacteria are washed or when inhibitors such as phenyl- 
mercuric acetate or cyanide ion are added. : 

The conditions for the appearance of the absorption peak at 
434 my and a study of the kinetics of its appearance indicates 
that it is not formed in the “normal’’ oxidation-reduction reac- 
tions after illumination, but appears when electron-transport 
reactions are inhibited. 

The changes in absorption spectrum related to the carotenoid 
pigments will be discussed in the following paper. 
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In several papers it has been reported (1-3) that illumination 
of anaerobic suspensions of photosynthetic bacteria (Rhodospi- 
rillum rubrum and Rhodopseudomonas spheroides) with infrared 
light produces changes in the absorption spectra of two kinds of 
pigments: (a) there is an oxidation of cytochrome pigments; and 
(b) there is a decrease in the absorption peaks of the carotenoid 
pigments present with the appearance of absorption peaks at 
longer wave lengths. Similar changes in the carotenoid absorp- 
tion spectra also occur when anaerobic bacteria are aerated in 
the dark. Illumination of the aerobic bacteria produces only 
very small changes in the absorption spectra of the carotenoids 
(4). 

This paper will present some observations of the kinetics of 
the absorption spectrum changes related to cytochromes and 
carotenoids on illumination and of the effects of inhibitors on 
the absorption spectrum changes. There will also be an attempt 
to sum up the known relationships between experimental condi- 
tions and changes in absorption spectrum concerned with the 
carotenoids and the presentation of an hypothesis relating the 
various observations. 


METHODS 


Culture of Bacteria— Rhodopseudomonas spheroides Strain 241C 
were grown anaerobically under illumination, as described in 
the preceding paper (4). 

Spectrophotometric Measurements—(a) Measurements at single 
wave lengths: Observations of changes in optical density at 
different wave lengths throughout the spectral region between 
400 to 600 my were made with the use of a double-beam record- 
ing spectrophotometer as previously described (2,3). The refer- 
ence wave length is indicated on the figures. These changes in 
optical density, when plotted against wave length, give the 
difference spectra of the changes in absorption spectrum resulting 
from the beginning or cessation of illumination or from oxygen 
depletion resulting from the respiration of the bacteria. The 
kinetics of the changes in optical density at selected wave lengths 
were also recorded on photographic paper with a Hathaway re- 
corder to avoid the time lag in the pen and ink recorder. In 
some records the initiation of illumination was recorded by means 
of the signal from a selenium barrier photocell. 

(b) Measurements with the split-beam instrument: The differ- 
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ence in optical density between illuminated and dark anaerobic 
suspensions and between anaerobic and aerobic cells in the dark 
was recorded automatically by means of the split-beam spectro- 
photometer described by Yang and Legallais (5). The cells were 
illuminated at right angles to the measuring beam by a 100-watt 
tungsten lamp operated at 110 volts direct current in series with 
a 50-ohm resistor, the light being filtered through a Wratten 88A 
filter; the latter removes light of wave lengths shorter than 720 
my. The light beam was focused on the cuvette with a lens 
system. A blue filter was placed between the cuvette and the 
photomultiplier tube to prevent any light scattered from the 
stimulating beam from striking the photomultiplier tube. The 
effects of inhibitors were tested by adding them to either one or 
both cuvettes, as indicated. The intensity of the stimulating 
light was varied by placing gray filters of measured optical den- 
sity at 800 my in front of the light beam. 

The difference spectra obtained with the split-beam instrument 
are not as accurate as those obtained more laboriously by meas- 
urements at many wave lengths in the double-beam instrument, 
but the large variations in difference spectrum observed are 


easily seen in the split-beam instrument. 


RESULTS 


Observations with Double-beam Spectrophotometer—Fig. 1, taken 
from a previous communication (3), is a plot of the changes in 
optical density measured in the double-beam spectrophotometer 
at numerous wave lengths between 400 to 600 my when R. 
spheroides changes from the aerobic to the anaerobic state in the 
dark and when the dark anaerobic bacteria were illuminated. 
The peaks in the difference spectra at 445, 475 and 508 to 509 
my result from a decrease in the absorption peaks of the ca- 
rotenoid pigments on illumination or on addition of oxygen, and 
the deep troughs at 490 and 525 my represent the appearance of 
absorption peaks at longer wave lengths. The absorption peak 
at 428 my and the smaller peaks around 555 to 562 my in the 
dark anaerobic minus aerobic difference spectrum correspond to 
the oxidation of the respiratory chain cytochromes by oxygen, as 
demonstrated in similar difference spectra of bacteria grown so 
that carotenoid synthesis is inhibited (3). The absorption peak 
at 423 my in the dark minus light difference spectrum results 
from oxidation of both the respiratory chain cytochrome system 
and another cytochrome system oxidized only on illumination 
(6). In a few of the difference spectra this absorption peak was 
resolved into separate peaks around 420 and 428 mu. 

The kinetics of the reactions with oxygen and with light were 
observed at 428 my, where the change in absorption spectrum is 
related to the cytochrome oxidation and at 508 or 572 my, pre- 
dominantly wave lengths of carotenoid pigments. The record- 
ings of Fig. 2 show that the reactions have both rapid and slow 
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Fic. 1. Difference spectra of R. spheroides. The bacteria were 
grown for 48 hours under illumination and used undiluted from 
the culture bottle. Observations were made in the double-beam 
spectrophotometer at the wave lengths indicated; the reference 
wave length was 450 muz. 


components. The fast and slow phases of the reactions after 
illumination of anaerobic bacteria are plotted separately in Fig. 
3. The reactions related to the carotenoids are rapid, but the 
cytochrome changes have both rapid and slow phases; the slow 
phase has an absorption peak near that of cytochrome c2, which 
reacts only on illumination (6). 

When the changes in absorption spectrum are recorded on 
photographic paper on a more rapid time scale, as in the records 
of Fig. 4, it can be seen that the initial rate of the change of the 
carotenoid pigments on illumination is very rapid compared with 
that of cytochrome. With the latter there is even evidence of 
a time lag before the reaction begins. The records of Fig. 4 also 
show that the absorption spectrum change related to the carot- 
enoids is still as rapid when the light intensity is decreased 3-fold. 
Fig. 5 shows similar recordings at the same two wave lengths 
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where the light was turned on and off once per second. This igs 
another illustration of the greater rapidity of the absorption 
spectrum changes around 508 mu. 

It was observed that the absorption spectrum changes accom- 
panying the onset of anaerobiosis and on cessation of illumination 
are always similar with respect to the number and extent of the 
different phases. This is illustrated in the curves of Fig. 2. 
The initial part of the rapid phase of the recovery after cessation 
of illumination was usually faster than that resulting from deple- 
tion of oxygen. Fig. 6 is a plot of these absorption spectrum 
changes resulting from depletion of oxygen or cessation of illumi- 
nation. It can be seen that the cytochrome changes are rapid 
and that those related to the carotenoids show both rapid and 
slow phases. 

The kinetics of the absorption spectrum changes resulting on 
cessation of illumination were found to depend upon the intensity 
of illumination, as shown in Fig. 7. As the light intensity is 
increased by the removal of filters, the slow phase becomes larger 
and more prolonged, and the rapid phase also increases. 

Difference Spectra Obtained in Split-beam Spectrophotometer— 
R. spheroides, taken directly from the illuminated culture bottle, 
were put into two cuvettes in the split-beam spectrophotometer 
and allowed to stand for 15 to 20 minutes to ensure that any 
oxygen introduced during the transfer was exhausted by the 
respiration of the bacteria. Then one cuvette was aerated and 
the difference in absorption spectrum between anaerobic and 
aerobic bacteria was automatically recorded. The aerated sam- 
ple -~was allowed to become anaerobic again and the procedure 
repeated. This cycle was repeated several times; the difference 
spectra obtained for the first three cycles in one experiment are 
plotted in Fig. 8. It can be seen that with successive aerations 
after the bacteria have become anaerobic the absorption spec- 
trum changes related to the carotenoid pigments (at 508, 475, 
and 445 my) increase progressively, whereas the large cytochrome 
Soret peak (428 my) shows relatively little change. The change 
in absorption spectrum usually reached a constant value after 
3 to 6 cycles of anaerobiosis and reaeration. However, the 
change in absorption spectrum resulting from illumination of 
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Fic. 2. Recordings at three wave lengths of the optical density changes in R. spheroides as oxygen is exhausted, then infrared light 


turned on. The bacteria were undiluted from the culture bottle and had been aerated several times. 


with the double-beam spectrophotometer. 


The recordings were obtained 
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Fic. 3. Difference spectra of dark minus illuminated anaerobic 
cells of 2. spheroides. The changes in optical density on illumina- 
tion were measured in the double-beam spectrophotometer at the 
wave lengths indicated; the reference wave length is 450 mz. 


the anaerobic bacteria showed the maximum value from the 
beginning. It should be noted that when the bacteria are re- 
moved from the illuminated culture bottle, the respiration is 
inhibited,! and it remains inhibited during the interval when the 
carotenoid changes resulting from aeration are less than maxi- 
mum. 

Fig. 9 shows the relationship between the intensity of the 
stimulating light and absorption spectrum changes after illumi- 
nation. The cytochrome peak (423 my) shows greater decrease 
as the light intensity is decreased than do the absorption peaks 
related to carotenoid (445, 475, 508 my) and finally becomes even 
smaller than the carotenoid peak. 

The difference spectra of Fig. 10 show the effect of cyanide 
ion (1 mM) on the changes in absorption spectrum resulting from 
reaction with oxygen in the dark. The oxidation of the cyto- 
chrome system by oxygen is inhibited, but not the absorption 
spectrum changes of the carotenoid pigments. The respiration 
of the bacteria is largely inhibited by this concentration of 
cyanide. 

The addition of sodium azide to a suspension of R. spheroides 
to a final concentration of 1 mm inhibited all changes in absorp- 
tion spectrum produced by light or oxygen. 


DISCUSSION 


The spectrophotometric studies with the photosynthetic bac- 
teria represent a direct observation of a change in carotenoid 
pigments during metabolism in intact cells. The changes in ab- 
sorption spectrum related to carotenoids may be summarized as 
follows: 

(a) When anaerobic cells of R. rubrum or R. spheroides are 
oxygenated or illuminated with infrared light, there is a decrease 
in the carotenoid absorption peaks and the appearance of absorp- 
tion peaks at longer wave lengths. These changes occur to about 
the same extent with oxygenation and with the intensity of 
illumination used in R. spheroides, but in R. rubrum the extent 
of change with oxygen is larger (2, 3). There is little further 
change in absorption spectrum when either kind of aerobic cells 


1 Unpublished observations of Dr. G. Cohen-Bazire. 
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Fic. 4. Recordings on photographic paper obtained at two wave 
lengths in the double-beam spectrophotometer of optical density 
changes after illumination of an anaerobic suspension of R. sphe- 
roides. In each recording the lower trace is a signal marking the 
beginning and end of infrared illumination. The bacteria were a 
48-hour culture. Tracings A and B were obtained with the same 
suspension of bacteria. For tracing C another suspension of bac- 
teria was used with 3 as great light intensity. 
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Fig. 5. Changes in absorption spectrum on intermittent illumi- 
nation of an anaerobic suspension of R. spheroides at the main 
carotenoid peak (508 my) and the cytochrome Soret peak (428 my). 
The lower trace in each case records the turning on of the infrared 
light. A gray filter of optical density 0.33 at 800 my was placed 
in front of the stimulating light. The measurements were made 
in the double-beam spectrophotometer and recorded on photo- 
graphic paper in a Hathaway Recorder. The bacteria were an 
undiluted 48-hour culture. 


is illuminated (4); thus the effects of oxygen and illumination are 
not additive. 

(b) Increased changes in carotenoid absorption spectrum are 
seen on illumination of aerobic cells which have been washed or 
which contain an inhibitor such as phenylmercuric acetate or 
the cyanide ion (4). 
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Rhodopseudomonas spheroides 


optical density changes on depletion of oxygen 
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40.0. 


400 450 550 600 
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Fic. 6. Optical density changes in R. spheroides: A, on cessa- 
tion of illumination (anaerobic minus aerobic bacteria). B, on 
depletion of oxygen (dark minus illuminated bacteria). The bac- 
teria and measurements were as in Figs. 1 and 3. 


(c) In cell-free extracts of R. rubrum little or no change in 
carotenoid absorption spectrum seems to result from reaction 
with oxygen, but the carotenoid changes are seen when cell-free 
extracts are illuminated under either anaerobic or aerobic condi- 
tions. The absorption spectrum changes described in paragraphs 
(b) and (c) are accompanied by the appearance of a broad peak 
in the absorption spectrum around 434 my (4, 6). 

The data of this paper represent an attempt to correlate the 
changes in carotenoid absorption spectrum with the oxidation of 
cytochrome pigments which also results from reaction with 
oxygen or light. From the mass of data, one conclusion is ob- 
vious. The carotenoid pigments are not parts of chains of 
oxidation-reduction reactions that include the cytochromes. 
The evidence for this conclusion is as follows: 

Under some conditions the absorption spectrum changes re- 
lated to the carotenoids and the cytochromes appear to occur 
independently. For example, the reaction of the cytochrome 
system with oxygen in the dark is inhibited by millimolar cyanide, 
but the carotenoid changes are not affected by this inhibitor. 
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Fic. 7. Recording of optical density changes on illumination of 
an anaerobic suspension of R. spheroides with infrared light of 
varying intensities. The record was obtained in the double- 
beam spectrophotometer. The optical densities of the gray filters 
were measured at 800 mx. 
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Fia. 8. Difference spectra of R. spheroides taken directly from 
a 48-hour culture. The difference spectra were recorded in the 
split-beam spectrophotometer with anaerobic cells in one cuvette 
and aerobic cells in the other cuvette. 
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On the other hand, in cell-free extracts the respiratory chain 
cytochrome system is oxidized by oxygen, but no carotenoid 
changes areseen. The steady state levels of absorption spectrum 
changes related to cytochromes or to carotenoids during illumi- 
nation of anaerobic cells vary differently with changes in the 
intensity of the stimulating light. The carotenoid changes are 
small when cells of R. spheroides taken from an illuminated cul- 
ture are aerated in the dark, when the cytochrome changes are 
nearly maximal. Previous data showed that the addition of 
phenylmercuric acetate to aerobic cells of R. rubrum in the dark 
resulted in the oxidation of cytochrome c2, with no other changes 
in absorption spectrum (2). In R. spheroides the absorption 
changes of the carotenoids occur to the same extent with light 
and with oxygen, but the cytochrome changes in these two con- 
ditions are quite different. Since evidence with R. rubrum ex- 
tracts indicates that two cytochrome chains are involved in 
oxidation-reduction reactions during illumination (6), it would 
be difficult to relate the carotenoid changes to part or either of 
both chains. 

The changes in absorption spectrum concerned with carote- 
noids after illumination are very rapid as compared to the oxida- 
tion of cytochromes. In some instances it appeared that the 
carotenoid change was nearly completed before the cytochrome 
oxidation had begun. This is true of both respiratory chain 
cytochromes and those reacting specifically during illumination; 
there is some evidence that the former chain reacts more rapidly 
on illumination; see, for example, Fig. 3. Chance (7) has re- 
ported evidence that the carotenoid changes resulting from reac- 
tion with oxygen are also more rapid than the oxidation of cyto- 
chrome by oxygen. However, on depletion of oxygen or 
cessation of illumination the change back to the original state 
| showed similar kinetics, the cytochrome reduction being rapid 
and the carotenoid changes showing both rapid and slow phases. 
The slow changes in carotenoids are prolonged after the cyto- 
chromes are all reduced.. The slow phase of the carotenoid 
changes is more prolonged as the light intensity is increased. 

Perhaps the first question to be considered regarding the 
changes in absorption spectrum related to the carotenoid pig- 
ments is the nature of the change in the molecules represented 
here. Since the same changes occur after illumination or oxy- 
genation, it is tempting to suggest that it is an oxidation. How- 
ever, the data show that the oxidation of the cytochromes can 
take place independently. Also, the respiration of R. rubrum 
and R. spheroides shows all of the characteristics of organisms 
respiring by means of a typical cytochrome oxidase,!: ? and cells 
grown in the dark with oxygen, where carotenoid synthesis is 
inhibited, have higher values of Qo, than the maximum Qo, of 
light-grown cells.2, The addition of oxygen does not produce a 
change in carotenoid absorption spectrum of cell-free extracts, 
which can respire and carry out light-induced phosphorylation. 
More significant, it is difficult to see how a carotenoid such as 
spirilloxanthin can be oxidized to form a pigment with ab- 
sorption peaks at longer wave lengths. Since it is difficult to 
envisage a chemical reaction which would fit with the experi- 
mental observations, another type of change might be postu- 
lated, such as a change in the whole structure which includes the 
carotenoid pigments, with a resultant perturbation of the ca- 
rotenoid molecules. The absorption peaks of the carotenoids of 
the photosynthetic bacteria are at longer wave lengths than 
the peaks of the same pigments dissolved in organic solvents, 


? Unpublished observations of Dr. L. Smith. 
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Fig. 9. Dark minus illuminated difference spectra of anaerobic 
Rk. spheroides with varying intensities of stimulating light. The 
difference spectra were recorded in the split-beam instrument. 
The intensity of the stimulating light was decreased by gray filters 
of measured optical density at 800 mu. 
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Fic. 10. Anaerobic minus aerobic difference spectra of R. sphe- 
rotdes in the absence and presence of cyanide (10-3 m) in the aero- 
bic cuvette. The difference spectra were obtained in the split- 
beam spectrophotometer. The baseline of the difference spectrum 
in the presence of cyanide changes somewhat due to a change in 
light scattering. The bacteria were a 48-hour culture. 
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presumably due to an increased orientation of the molecules. 
Similarly, the changes after illumination or oxygenation could 
result from a further change in orientation. 

It appears that changes in carotenoid absorption spectrum fol- 
low introduction of procedures which initiate electron transfer 
processes and may be increased when electron transfer reactions 
are initiated but not allowed to proceed at a normal rate. Thus, 
the changes are always seen on illumination, except in aerobic 
uninhibited cells containing substrate, where the respiratory 
chain system is functioning maximally. When the respiratory 
chain is inhibited, as in washed cells or in cells containing pheny]l- 
mercuric acetate or cyanide ion, the carotenoid changes appear 
on illumination. Then, when substrate is added to washed cells, 
the carotenoid changes after illumination become smaller. Oxy- 
genation gives rise to the carotenoid changes in all conditions 
except in cell-free extracts, where the respiratory chain enzymes 
and the chain responsible for light-induced phosphorylation are 
on different particles,’ or in R. spheroides taken directly from an 
illuminated culture, where respiration is inhibited. Thus a nec- 
essary condition for the changes after oxygenation is the presence 
of the usual interaction between respiration and illumination. 
The whole concept of the suggested structural changes embodies 
the postulated close association within the cells of pigments, 
lipids, and enzymes in organized structures (8, 9). 

The possible role of the suggested structural changes involving 
the carotenoid pigments might be to determine and regulate the 
pathway for electron transfer. There is suggestive evidence for 
this. For example, strong illumination can completely inhibit 
the respiration of R. rubrum (10). This does not seem to be due 
to the more rapid reaction of the respiratory chain system with 
the photooxidant as compared with the rate of reaction with 
oxygen, since the steady state change of the cytochromes is 
larger with oxygen than with light (2). In cell-free extracts, 
where the respiratory chain cytochromes and those involved in 
light-induced phosphorylation are on separate particles,’ there is 
little effect of illumination on respiration (11) and little or no 
carotenoid changes on reaction with oxygen. 
the nature of the carotenoid changes would also fit with the ob- 
servations that the carotenoids do not seem to be essential for 
respiration or for light-induced phosphorylation (12-14), and 
that a mutant of R. spheroides with no colored carotenoids can 
grow photosynthetically if air is excluded, although the growth 
rate is low (13). 

Possibly the suggested structural changes result from the ini- 
tiation of the electron transfer process. The carotenoid pig- 
ments do not react rapidly with oxygen, and they do not oxidize 
the cytochromes and vice versa. Although small molecules, 
such as quinones (15-17), have been postulated to participate in 
electron transfer reactions, there is no evidence that they in- 
dividually react with oxygen with great rapidity. When the 
electron transfer reactions cease, irrespective of the method of 
initiation, both the carotenoid changes and the cytochromes im- 
mediately begin to return to the original state. The kinetics of 
recovery of the carotenoid pigments show both rapid and slow 
phases. 

Under conditions where electron-transfer reactions are in- 
hibited, such as in washed or inhibited cells, or in cell-free ex- 
tracts in the absence of phosphate acceptor, carotenoid changes 
still result on illumination. Then these changes are decreased 


3L. Smith and M. Baltscheffsky, unpublished observations. 
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when the electron transfer reactions begin, e.g. when a phosphate 
acceptor is added to illuminated cell-free extracts (4). The ca- 
rotenoid changes which appear when electron transfer reactions 
are inhibited are accompanied by the appearance of a broad ab- 
sorption band at 434 my, described in the preceding paper (4), 
Both of these absorption spectrum changes may reflect excessive 
structural changes resulting from illumination when the oxida- 
tion-reduction reactions are interrupted in some way. The ab- 
sorption band at 434 my has never been observed to result from 
reaction with oxygen. 

The possibility exists that structural changes similar to the 
type suggested here may be involved in other electron transfer 
systems where the oxidation-reduction reactions take place in 
systems which are part of insoluble protein-lipid-pigment mat- 
rices. They may show up more clearly in the photosynthetic 
bacteria because of the existence of two electron transfer path- 
ways and because of the large quantities of carotenoid pigments, 

The irreversible changes in carotenoid pigments that have been 
observed (18, 19) when light-grown R. spheroides are shaken with 
air do not seem to be related to the carotenoid changes described 
here. All of the changes we observed were perfectly reversible 
when oxygen was depleted. The carotenoid changes observed 
in R. spheroides resembled in every way those seen in R. rubrum, 
where such an irreversible change has not been reported. It is 
possible that the irreversible reaction took place through reac- 
tion with the small amount of oxygen that might have been ad- 
mitted while transferring the bacteria to the cuvettes, but this 
seems unlikely. 

SUMMARY 


Measurements of the rate of absorption spectrum changes re- 
lated to the cytochromes and the carotenoid pigments after il- 
lumination of anaerobic suspensions of Rhodopseudomonas sphe- 
roides show that the changes in the carotenoid pigments are more 
rapid than the cytochrome oxidation. Under some experimental 
conditions the changes in absorption spectrum concerned with 
the carotenoids are seen when the cytochrome oxidation is in- 
hibited; under other conditions only the cytochrome reactions 
appear. The absorption spectrum changes of the cytochrome 
pigments following illumination show greater decrease as the 
intensity of the stimulating light is decreased than do the changes 
related to the carotenoid pigments. 

The data indicate that the carotenoid pigments do not form 
chains of oxidation-reduction reactions with the cytochromes. 
It is suggested that the changes in absorption spectrum of the 
carotenoid pigments may reflect structural changes resulting as 
during the initiation of the electron transfer processes. The 
structural changes may have an influence with respect to the 
particular pathway followed by the electron transfer reactions. 
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In 1929 Dam (1) observed that chicks kept on a diet deficient 
in fats developed a hemorrhagic disease. This condition was 
subsequently shown to be due to lack of a fat-soluble factor called 
vitamin K which promotes the formation of prothrombin. In 
contrast to the role of the water-soluble vitamins, which func- 
tion as prosthetic groups of many enzymes, the role of fat-soluble 
vitamins in cellular metabolism has been difficult to elucidate. 

Vitamin K,! or its analogues have been recently implicated in 
electron transport (2-5) and oxidative phosphorylation (6-9). 
Martius and Nitz-Litzow (6) have shown that Dicumarol (3,3’- 
methylenebis(4-hydroxycoumarin)), a competitive inhibitor of vi- 
tamin K, is effective as an uncoupling agent. In addition they 
have shown (7) that mitochondria from K-deficient chicks ex- 
hibit abnormally low P:0O ratios, which are raised by the addition 
of vitamin K. Uncoupling by dicumarol has also been observed 
with the mycobacterial system (8). A requirement for vitamin 
K, and flavin adenine dinucleotide in oxidative phosphorylation 
was demonstrated with fractionated bacterial extracts (9). 

The sensitivity of vitamin K, to ultraviolet light was found 
shortly after the isolation of this compound (10, 11). This 
sensitivity of the naphthoquinones has now provided a means 
for destroying the bound form of this vitamin and a tool for 
studying its role in cellular metabolism. It is the purpose of 
this communication to report the results of studies on the effect 
of irradiation and on the restoration of oxidative phosphoryla- 
tion by vitamin K, and related compounds. Preliminary reports 
have appeared elsewhere (12-14). 


EXPERIMENTAL 


Methods and Materials 


Preparation of Extracts—M ycobacterium phlei, ATCC 354, cells 
were grown and harvested under conditions previously described 
(15). Sonically disrupted cells were separated into particulate 


* This investigation was supported by research grants (Nos. 
E-827 and E-2674) from the National Microbiological Institute, 
National Institutes of Health, United States Public Health Serv- 
ice. 

1 Vitamin K or K; here refers to 2-methyl-3-phytyl-1,4-naphtho- 
quinone. Many compounds not related to vitamin K; have been 
called vitamin K since they are also active in promoting blood 
clotting. As will be seen in the following paper, the ability to 
restore coupled phosphorylation is specific for vitamin K, or a 
closely related homologue. The use of numerals with vitamin K 
is also confusing and will only be used for vitamins K; and K2; 
= other compounds will be identified by their chemical nomen- 
clature. 
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and supernatant fractions by the procedures previously described 
(9). In some experiments the lipid layer, which separated from 
the supernatant fraction during centrifugation in the Spinco 
preparative centrifuge for 90 minutes at 140,000 x g, was care- 
fully removed with a syringe and used to suspend synthetic vita- 
min K;. Although the lipid fraction did not restore or improve 
oxidation or phosphorylation with the components of this system, 
it was also treated with light at 360 my before the suspension of 
vitamin K,. 

Treatment with Light at 360 mu—The materials to be irradiated 
(crude or fractionated particles and supernatant) were placed in 
open Petri dishes 9 cm in diameter, Fig. 1 (C). Shallow layers 
(3 to 5 mm) of material were used for irradiation. The Petri 
dishes were placed in aluminum-lined ice cube trays (A) packed 
with crushed ice to keep the material cold during treatment. A 
Gates lamp, with a black Raymaster tube B (maximum emission 
360 my) was placed directly over the Petri dish, Fig. 1 (F), at 
approximately 3 cm from the material to be irradiated. The 
length of exposure, given in the text, was varied for different 
preparations. For most preparations complete inactivation had 
occurred after 1 hour. The efficiency of the Gates Raymaster 
tube was tested periodically with a Weston light meter. When 
a tube had lost half of its original intensity it was replaced. 

Effective light treatment was also accomplished with a rotary 
radiation apparatus (16) which was constructed so that many 
samples could be irradiated at the same time. This apparatus 
has the advantage that the material to be irradiated is continu- 
ously agitated and exposed to 14 G. E. lamps (type BLB Black- 
light) which surround the samples. Each lamp is rated at 1950 
fluorens and has maximum emission between 340 to 360 mu. 
However, for irradiation of labile materials the Gates Raymaster 
lamp has the advantage in that a greater surface area is exposed 
with less danger of denaturation. 

Suspension of Vitamin K,—To avoid introduction of possible 
inhibitors the oily vitamin was suspended directly in the light- 
treated supernatant fraction without the addition of surface ac- 
tive agents or lipid solvents. In the carlier experiments the 
vitamin was first suspended by shaking with 1 ml of the light- 
treated mycobacterial lipid fraction derived from the super- 
natant. Control vessels received equal amounts of the light- 
treated lipid. Although this fraction served as the best inert 
vehicle for suspending vitamin K,, its usefulness was limited by 
the variability in the amount of lipid that could be obtained 
daily, and the instability of this fraction even when frozen. This 
vitamin was therefore suspended by vigorous shaking with an 
aliquot of light-treated crude supernatant fluid from which the 
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lipid had not been separated. The supernatant fraction is al- 
ways in excess and has the advantage in that it can be stored at 
—20° for long periods. Control systems received an equal 
amount of shaken light-treated supernatant without vitamin K,. 
The test system consisted of the particulate and supernatant 
fractions with or without vitamin Kj. 

Extraction and Assay of M. phlet Naphthoquinone—Whole 
cells or fractionated preparations were extracted with 3,3,5- 
trimethylpentane-isopropy! alcohol (1:3) by procedures previ- 
ously described (17). The yellow oil was partially purified by 
removal of the acetone-insoluble waxes. The naphthoquinone 
was assayed by determining the absorption spectrum with a Cary 
automatic spectrophotometer? and the concentration estimated 
by assuming a 20-carbon side chain in the C-3 position of the 
naphthoquinone ring, = 540. 

Assay of Actinty—The methods used to measure oxygen up- 
take and phosphate esterification were similar to those previ- 
ously described (9, 15). Synthetic FAD and riboflavin phos- 
phate were assayed by their fluorescence with the Aminco Bow- 


- man spectrophotofluorometer. The material was activated at 


460 my and fluorescence measured at 530 mu. The concentra- 
tions were determined from standard curves. 

Coenzymes—DPNH was obtained from the Pabst Company, 
TPNH and riboflavin phosphate from the Sigma Chemical Com- 
pany, and synthetic vitamin K, from the California Foundation 
for Biochemical Research. FAD was a gift from Dr. H. Beinert 
of the Institute for Enzyme Research, University of Wisconsin. 


RESULTS 


Effect of Light on Vitamin K,—The sensitivity of vitamin K, 
to ultraviolet light (10, 11) suggested the possible use of light as 


a means of destroying this or similar light sensitive compounds | 


in biological systems. Early attempts to destroy or inactivate 
the natural K-like substance in bacterial extracts with ultra- 
violet light (260 my) met with failure.? Further studies of the 
effects of light on synthetic vitamin K, revealed that it was sensi- 
tive to light at 360 mu. The effects of light in the ultraviolet 
and the 360 my region on vitamin K, are shown in Fig. 2. The 
absorption spectrum of this vitamin is altered by exposure to 
light at either wave length. Ewing et al. (18) observed similar 
changes in the spectrum of vitamin K, when it was exposed to 
ultraviolet light. Although it has not been possible to determine 
the chemical changes that occur during exposure to light, treat- 
ment of other naphthoquinones, with and without side chains, 
resulted in destruction of the naphthoquinone ring. 

Effects of Light on Oxidative Phosphorylation—Attempts were 
made to destroy bound vitamin K or K-like compounds by ex- 
posure of the biological system (particulate and supernatant 
fractions) to light at 360 mu. The recombined fractions were 
then tested for their ability to couple phosphorylation to oxida- 
tion and found to be inactive with all substrates tested (Table I). 
Activity could be restored by the addition of vitamin K,;. Expo- 
sure of vitamin K;, to light before addition destroyed its ability to 
reactivate. Addition of riboflavin phosphate or FAD instead of 
vitamin K, restored oxidation but not the ability to esterify 
orthophosphate. Combinations of vitamin K, with either flavin 
coenzyme resulted in increased oxidation over that observed with 


2 We would like to express our appreciation to Dr. H. Schlein, 
of the Children’s Hospital, Boston, for the spectrophotometric 


analysis. 
3A.F. Brodie and C. T. Gray, unpublished data. 
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Front View Side View 


Fig. 1. Gates lamp arrangement: A Petri dish (C) containing a 
shallow layer of extract (D) was placed in an ice cube tray lined 
with aluminum foil. The black Raymaster lamp (E) was placed 
directly over the material to be treated. The extracts are kept 
cold by the addition of chipped ice. 


Untreated 


mp 


Fig. 2. The effects of ultraviolet (UV) and 360 my light on 
synthetic vitamin K,;. Vitamin K,; (2 X 107? M) was dissolved in 
isooctane and exposed to light of either wave length for 30 min- 
utes. 


TABLE I 
Restoration of oxidative phosphorylation by vitamin K, 


The system consisted of 0.3 ml of particles (17.0 mg of protein 
per ml) and 0.6 ml of supernatant fluid (20 mg of protein per ml), 
both exposed to light at 360 my for 1 hour, 15 wmoles of MgCl:, 
7 umoles of Pi, 25 umoles of KF, 2.5 wmoles of ADP, 20 umoles 
of glucose, and 1 mg. of yeast hexokinase and H;0O to a final 
volume of 1.3 ml. The following additions were made as indi- 
cated: 0.3 umole of vitamin K,, 100 ug of FAD and 100 ug of ri- 
boflavin phosphate. Oxygen uptake was measured for 10 minutes 
after the addition of 20 wmoles of malate. The reaction was 
stopped with 10% trichloroacetic acid and inorganic phosphate 
analyzed. 


System Addition Oxidation, APj P:O 
(uatoms) | (umoles) 
Particles + super- | none 3.0 2.7 0.90 
natant vitamin K, 3.8 2.9 0.77 
Light-treated par- | none 0.0 0.0 0.0 
ticles and su- | vitamin K, 3.2 3.0 0.95 
pernatant (360 | riboflavin phos- | 3.4 0.0 0.0 
my) phate 
FAD 3.6 0.7 
vitamin K, + ribo- | 5.7 3.0 
flavin phosphate 
vitamin K, + FAD) 6.8 3.9 
Light-exposed vita-| 0.0 0.0 
min K, 
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Fic. 3. The effects of length of exposure to light at 360 my on 
oxidation and phosphorylation. The crude extract (20 mg of 
protein per ml) was exposed for various intervals as indicated, and 
samples assayed for oxidation and phosphate esterification. The 
test system consisted of treated extract (0.7 ml), 5 wmoles of 
DPNH, 25 umoles of KF, 15 wymoles of MgCle, 2.5 umoles of ADP, 
20 umoles of glucose, 1 mg of yeast hexokinase, and H;2O to a final 
volume of 1.3 ml. The reactions were carried out at 30° for 7 
minutes. 


Phosphorylation 


Oxidation 


atoms 02/15 min. 


30 60 90 
Exposure 360 mu (min.) 

Fic. 4. The effects of inhibitors on oxidation and phosphoryla- 
tion before and after treatment with light. The conditions are 
similar to those described in Fig. 3. In addition the vessels con- 
tained the extract (30 mg of protein per ml), and 10-? m KCN 
(©---©) or 10-* m p-chloromercuribenzoate (X——X), as indi- 
cated. The reactions were carried out at 30° for 15 minutes. 
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Fic. 5A. The rate of destruction of FAD, riboflavin phosphate, 
and vitamin K; by light at 360 mu. Each coenzyme (10-5 m) was 
exposed to light for the intervals indicated. The remaining con- 
centration of FAD (©---©) and riboflavin phosphate (@——®@) 
was measured by fluorescence and that of vitamin K (X——xX) 
by absorption at 249 mp. B. The rate of destruction of oxidation 
and phosphorylation after exposure of extracts to light at 360 mu. 
The test system is similar to that described for Fig.3. The crude 
extract (20 mg of protein per ml) was exposed to light for the 
intervals indicated, and the reaction carried out at 30° for 7 min- 
utes. (@---@) indicates phosphorylation whereas (O——O). 
indicates oxidation. 
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vitamin K, alone, but the phosphorylation was not increased 
significantly. The oxidation which was restored with riboflavin 
phosphate differed from that observed after the addition of 
vitamin K and from that found in untreated preparations, since 
it was insensitive to KCN (10-* m) but sensitive to p-chloro- 
mercuribenzoate (10-4 m). 

Light exerted differential effects on the rates of oxidation and 
phosphorylation. The results observed in particulate and super- 
natant fractions exposed to light for various periods are shown 
in Fig. 3. The phosphorylative activity was completely lost 
after 20 minutes of treatment, whereas oxidative activity dimin- 
ished slowly and was still detectable after 1 hour. There ap- 
peared to be two logical explanations for the observed results. 
One possibility is that vitamin K is directly involved in both 
oxidation and phosphorylation and that exposure to light results 
in at least two different changes in the structure of vitamin K, 
one affecting phosphorylation and the other affecting oxidation. 
An alternative explanation suggests that there may be a number 
of light-sensitive compounds which are destroyed at different 
rates. The more persistent oxidation would therefore be a re- 
flection of a slower rate of destruction of compounds, such as 
riboflavin phosphate, which participate in oxidation only. 

The nature of the residual oxidation remaining after exposure 
of the extracts was elucidated by studying the effects of inhibitors 
on oxidation and phosphorylation. As can be seen in Fig. 44, 
after treatment with light for various intervals, the remaining 
oxidation was sensitive to KCN (10-* mg) and insensitive to p- 
chloromercuribenzoate (10-4 mM). Similar results were obtained 
with regard to phosphorylation (Fig. 4B). These results suggest 
that the oxidation observed with irradiated preparations is similar 
to that observed during coupled phosphorylation with untreated 
extracts or with the K-reactivated system, and does not occur 
through the p-chloromercuribenzoate-sensitive pathway. 

Further evidence that the biochemical alterations after light 
exposure are related to changes in vitamin K was provided by 
studying the kinetics of destruction by 360 my light of pure 
riboflavin phosphate, FAD, and vitamin K,. The rates of de- 
struction of riboflavin phosphate and FAD were followed by loss 
of fluorescence (Fig. 5A) and of the ability to reactivate oxidation 
in the light-treated system. The rate of destruction of vitamin 
K, was measured by changes in amount of absorption at 249 mu 
and by loss of ability to restore oxidative phosphorylation. After 
exposure to light for 1 hour the loss of fluorescence by FAD was 
negligible whereas over 60% of the fluorescence of riboflavin 
phosphate (4 X 10-® m) was lost. The kinetics observed with 
riboflavin phosphate followed a first order reaction. The kinetics 
of vitamin K, destruction, unlike that observed with riboflavin 
phosphate, were not first order and suggest successive changes. 
Data by Ewing et al. (18), on changes in absorption spectra of 
vitamin K, during exposure to ultraviolet light yield similar re- 
sults. With ultraviolet light, however, the break in the initial 
rate differs in that it occurs after one hour. 

The rate of oxidation and phosphorylation observed with the 
bacterial system after exposure to light is shown in Fig. 5B. The 
kinetics are similar to those obtained with pure vitamin K;. The 
break in the rate of oxidation occurs after 30 minutes when the 
phosphorylative activity is completely lost. 

Naturally Occurring Naphthoquinone—Since vitamin K, can 
restore oxidative phosphorylation it was of interest to determine 
whether the untreated extracts contained vitamin K, or a related 
naphthoquinone which can function as a coenzyme in the bac- 
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SENSITIVITY TO LIGHT OF VITAMIN K, 
AND NATURAL M. PHLE! COMPOUND 
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Fic. 6. Comparison of the absorption spectrum of M. phlei 
naphthoquinone and that of pure vitamin K, before (A) and after 
(B) exposure to light at 360 mu. 


terial system. Lipid-extractable material obtained from un- 
treated mycobacterial extracts had an absorption spectrum simi- 
lar to that of vitamin K, (Fig. 6A). Irradiation of the bacterial 
extract before isolation of the lipid extractable material resulted 
in an alteration of the spectrum which was similar to that ob- 
served with light-treated synthetic vitamin K, (Fig. 6B). The 
natural material restores oxidation and phosphorylation with the 
light-treated system and has blood clotting activity, but it differs 
in structure from vitamin K, (17). 

Effects of Substrates—The effect of vitamin K, in restoring the 
activity of the light-treated system on various substrates is shown 
in Table II. The treated extracts were inactive against all the 
substrates tested. Addition of vitamin K, reactivated oxidative 
phosphorylation with all substrates except succinate and reduced 
TPN. Although there appears to be limited reactivation by 
vitamin K, with glutamate or a-ketoglutarate, as shown in Table 
II, stimulation to a greater extent has been observed in other 
experiments with either substrate whereas with succinate neither 
oxidation nor phosphorylation are stimulated above the level 
shown. It is therefore the DPN-linked pathways which are re- 
activated by vitamin K, after light treatment. 

With succinate as an electron donor neither vitamin K, nor 
a-tocopherol could reactivate the light-treated system. Suc- 
cinoxidase, however, was reactivated by the addition of heated 
or of acetone-fractionated soluble components. Thus it appears 
that another light-sensitive factor, different from vitamin K, is 
necessary for succinoxidase activity. The inability to reactivate 
the coupled oxidation of succinate by vitamin K does not exclude 
the possibility that K or a similar naphthoquinone may be neces- 
sary for this activity since there may be two light-sensitive fac- 
tors involved in this pathway. 7 

Oxidation and phosphorylation with TPNH as electron donor 
was reinvestigated with the untreated system. It was found that 
the supernatant fraction alone oxidized TPNH but without phos- 
phate esterification, while the particles alone did not carry out 
either reaction (Table III). When particles and supernatant 
solution were combined there was an increase in the rate of oxida- 
tion of TPNH which was associated with phosphate esterifica- 
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TABLE II 


Effect of light treatment on oxidative phosphorylation 
with various electron donors 

The system consisted of 0.2 ml of particles (20 and 23 mg of 
protein per ml) and 0.6 ml of supernatant fluid (37 mg of protein 
per ml), both exposed to light at 360 my for 45 minutes, 0.8 umole 
of vitamin K;, as indicated, and H.O to a final volume of 1.3 ml. 
The other components in the vessels were similar to those in 
Table I. The final concentration of substrates was as follows: 5 
umoles of DPNH; 3 wmoles of TPNH; 50 uwmoles of B-hydroxy- 
butyrate, pyruvate, and succinate; and 20 uwmoles of malate, 
fumarate, a-ketoglutarate, and glutamate. The reactions were 
carried out at 30° for 12 minutes. 


Oxygen uptake AP P:O 
Substrate 
Vitamin Vitamin Vitamin 
K K K 
patom | patoms ymole umoles 
Malate 0.10 | 2.38 | 0.3 2.6 1.13 
Fumarate 0.0 | 3.36 0.0 2.2 0.65 
8-Hydroxybutyrate 0.0 | 3.544 0.3 3.7 1.04 
Succinate 0.28 | 0.78 | 0.2 0.6 
DPNH 0.76 | 3.48 | 0.4 2.2 0.63 
TPNH 2.04 0.4 
TPNH + DPN 2.44 1.0 0.41 
Pyruvate 0.0 | 2.30, 0.2 3.0 1.30 
Glutamate 1.40 0.8 0.57 
a-Ketoglutarate 1.38 1.7 1.23 
TABLE III 


Effect of cofactors on coupled phosphorylation with 
TPNH as electron donor 


The system is similar to that in Table I. The following addi- 
tions were made: 6 umoles of Pi, 3 umoles of enzymatically re- 
duced TPN, 0.08 umole of DPN, 0.1 umole of riboflavin phos- 
phate, and 0.7 umole of vitamin K;. An aliquot of the particles 
(10 mg of protein per ml) and supernatant fluid (30 mg of protein 
per ml) was exposed to light at 360 my for 1 hour before use. 
Oxygen uptake was measured at 30° for 10 minutes after the addi- 
tion of TPNH. 


System Additions Oxygen APj P:O 
patoms (moles) 

Particles none 0.26 0.0 

Supernatant none 0.96 0.0 
Particles + super- none 1.82 0.4 0.22 
natant DPN 3.46 1.2 0.35 
vitamin K, 2.46 0.6 0.24 
riboflavin phosphate 1.36 0.4 0.28 

Light-exposed (360 none 0.96 0.1 
mz) particles + |DPN + vitamin K; 2.41 1.8 0.75 

supernatant 


tion. Addition of catalytic amounts of DPN, however, caused 
oxidation and phosphate esterification to increase 3- to 4-fold, 
indicating the existence of a transhydrogenase. Neither vitamin 
K, nor riboflavin phosphate increase the level of phosphorylation 
to the same extent as DPN. Exposure of the combined fractions 
to light abolished phosphate esterification and reduced oxidation 
to the level observed with the supernatant fraction alone. It was 
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only after light treatment that vitamin K, as well as DPN was 
required to restore oxidative phosphorylation. 


DISCUSSION 


The use of light as a means of inactivating biologically active 
compounds has proved to be a valuable tool in dissociat- 
ing various complex enzymatic reactions without destroying 
structural integrity. Irradiation, like certain chemical fractiona- 
tion procedures, can be used to prepare an apoenzyme by specific 
destruction of sensitive prosthetic groups. Unlike chemical frac- 
tionation the effectiveness of the method can generally be pre- 
determined from a knowledge of the absorption spectrum of the 
light-sensitive compound under investigation. This method 
offers a rational approach to fractionation and studies of the 
mechanisms involved in certain complex enzymatic reactions. 
Limitations to the use of light inactivation can occur with sys- 
tems which contain more than one light-sensitive compound, es- 
pecially when these compounds have similar activities. 

Vitamin K, appears to play an essential role as a physiological 
electron carrier, and as a key compound in oxidative phosphoryla- 
tion. A new biologically active naphthoquinone has been iso- 
lated from M. phlei extracts (17). Treatment of the bacterial 
extract with light at 360 my results in the destruction of the 
bound K-like compound, and also in a loss of the ability to con- 
duct oxidative phosphorylation. Restoration of both oxidation 
and phosphate esterification can be achieved by the addition of 
vitamin K, or the natural naphthoquinone (17). A requirement 
for vitamin K, and FAD was also demonstrated with the bac- 
terial system following chemical fractionation (9). The light- 
treated bacterial system exhibits a specific dependence on vita- 
min K,, or on closely related compounds, for restoration of 
coupled oxidative phosphorylation (19). Other coenzymes, such 
as riboflavin phosphate and FAD, reactivate only oxidation 
with the light-exposed system. The restored electron transport 
with these cofactors differs from that observed during coupled 
phosphorylation and from the K-reactivated system in its sensi- 
tivity to inhibitors. The oxidation observed by the addition of 
riboflavin phosphate represents a nonphosphorylative pathway 
of electron transport (9). The inability to resolve the FAD re- 
quirement with the light-treated system may be a reflection of 
the inability of light (360 my) to destroy FAD (Fig. 5A). The 
further addition of FAD to the treated system may represent 
a stimulation of electron transport by means of the non- 
phosphorylative flavin pathway. 

Studies of the ability to restore activity with vitamin K, in a 
system acting on various electron donors indicate that this naph- 
thoquinone functions only in DPN-linked reactions. These find- 
ings are in agreement with those obtained by Martius (20) with 
K-deficient chicks and with the purified vitamin K reductase. 
Unlike menadione or riboflavin phosphate, with vitamin K, as 
an electron acceptor there is no direct transfer of electrons to 
oxygen by the bacterial system (14). The data indicate that 
this vitamin transfers electrons between DPNH and the cyto- 
chromes (21). This reaction like the purified K-reductase (20) 
may be FAD linked (9). Although the bacterial system is 
capable of transferring electrons through the terminal respiratory 
pigments there is no phosphorylation associated with this level 
of oxidation after the system has been fractionated (9). This 
loss of phosphorylation may be a reflection of the anomalies in 
cytochrome } reduction. Anomalies in the reduction of cyto- 
chrome 6 similar to those found with the mammalian system 
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(22, 23) have been found with the bacterial system (21) in which 
transfer of electrons restored by the addition of K; proceed mostly 
through cytochrome c and cytochrome oxidase. 

A report by Dallam and Anderson (24) on the use of ultraviolet 
light (260 my) for the inactivation of oxidative phosphorylation 
with mammalian mitochondrial preparations appeared simul- 
taneously with a report of the method described in this paper. 
Restoration of activity was achieved by the addition of vitamin 
K,. Beyer (16), with the use of the same system, was unable to 
reactivate preparations treated with 260 my light with vitamin K,. 
However, Beyer has extended the application of light at 360 mu 
to the mammalian system and has obtained similar results to 
those observed with the bacterial system. It should be pointed 
out however that unlike the bacterial system reactivation after 
light treatment with mammalian preparations occurs with vita- 
min K, and not with the benzoquinone normally found in these 
tissues (25). 

Coupled phosphorylation resulting from TPNH oxidation in 
the bacterial system, as in the mammalian system (26-28), de- 


pends upon the transfer of electrons to DPN. The esterification © 


of inorganic phosphate accompanies the oxidation of DPNH by 
vitamin K, as seen after irradiation. The mechanism whereby 
the bacterial system utilizes TPNH for oxidative phosphoryla- 
tion provides further evidence for importance of transfer path- 
ways through DPN. 


SUMMARY 


Inactivation of essential compounds by light has provided a 
means of investigating the role of various coenzymes in oxidative 
phosphorylation. Treatment of bacterial extracts with light at 
360 my destroys a bound K-like compound which is necessary for 
coupled activity without destroying structural integrity. The 
activity could be restored by the addition of vitamin K, or 
a natural naphthoquinone isolated from Mycobacterium phlei. 
Restoration of only oxidation can be accomplished by the addi- 
tion of riboflavin phosphate; however, this oxidation differs from 
that observed with the K,-restored system or with the crude 
extract before light exposure. 

The kinetics of the destruction of various compounds by light 
irradiation have been studied. Flavin adenine dinucleotide is 
not affected by light at 360 my whereas riboflavin phosphate is 
destroyed, and the rate of destruction follows a first order reac- 
tion. The kinetics for vitamin K, and the K-like compound 
differ from that observed with riboflavin phosphate but resemble 
that obtained for the loss of oxidation and phosphorylation with 
the light-exposed extracts. Continued light treatment of the ex- 
tracts, destroys phosphorylation first and oxidative activity later. 

Vitamin K, reactivation occurs only with diphosphopyridine 
nucleotide-linked reactions. With succinate reactivation re- 
quires an unknown material present in the supernatant fluid. 
Oxidative phosphorylation with reduced triphosphopyridine 
nucleotide by the bacterial system requires the addition of 
catalytic amounts of diphosphopyridine nucleotide. After ex- 
posure of the extracts to light, both diphosphopyridine nucleotide 
and vitamin K, are necessary for coupled activity with reduced 
triphosphopyridine nucleotide. 
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The wide distribution of naphthoquinones in the biological 
kingdom, especially in organisms and plants devoid of blood 
components, indicates that these compounds may play a funda- 
mental role in cellular metabolism. The characteristic ease of 
oxidation and reduction common to the quinones suggests that 
they function as coenzymes in electron transport. Evidence 
implicating vitamin K as such a coenzyme has been summarized 
in the preceding paper (1). With diphosphopyridine nucleo- 
tide-linked systems this naphthoquinone, and also a naturally 
occurring naphthoquinone extracted from bacteria (2), can re- 
store oxidation and phosphate esterification in bacterial extracts 
that have been inactivated by irradiation at 360 my. Reactiva- 
tion of the bacterial system is specifically dependent upon the 
addition of certain naphthoquinones. It is the purpose of this 
communication to describe the specificity of this system with 
compounds which resemble vitamin K, for restoration of oxida- 
‘tive phosphorylation. Preliminary reports have appeared else- 
‘where (3, 4). 


EXPERIMENTAL 


Methods and Materials 


The methods are the same as those described in the preceding 
paper (1). Homologues of vitamin K and other naphthoqui- 
nones were suspended in the light-exposed supernatant fraction, 
as described for vitamin K,. Lapachol (2-hydroxy-3-(3-methyl- 
2-buteny])-1 ,4-naphthoquinone), methyl] lapachol (2-methy]-3- 
and lomatiol (2- 
hydroxy-3- (3-hydroxymethy]-2-buteny]) - 1 ,4-naphthoquinone) 
were obtained from Dr. L. F. Fieser of Harvard University. 
The homologues of vitamin K, containing saturated 5-carbon 
units (from 5 to 30 carbon atoms) in the C-3 position of the 
naphthoquinone ring and K, homologues containing isoprene 
units (from 10 to 35 carbon atoms) in the C-3 position were 
obtained from Dr. O. Isler of Hoffman-LaRoche. The diphos- 
phate of vitamin K, was obtained from Dr. Muschett of Merck, 
Sharpe and Dohme; Qe (Qio) was a gift of Dr. D. I. Green of 
the Institute for Enzyme Research, University of Wisconsin. 
The diacetates of vitamin K, (2-methyl-3-phytyl-1 ,4-naphtho- 
quinone) and menadione (2-methyl-1,4-naphthoquinone) were 
prepared by the method of Brinkley et al. (6). The other com- 
pounds used were commercially available. 


* This investigation was supported by research grants (Nos. 
E-827 and E-2674) from the National Microbiological Institute, 
National Institutes of Health, United States Public Health 
Service. 


RESULTS 


Specificity of Reactivation—Exposure of the bacterial system, 
which requires both particulate and supernatant fractions for 
oxidative phosphorylation, to light at 360 my results in a com- 
plete loss of this activity. Since both activities can be restored 
by the addition of vitamin K,, various benzo- and naphthoqui- 
nones were investigated for their ability to reactivate the light- 
treated system. Reactivation of both oxidation and phosphate 
esterification with the recombined fractions specifically requires 
the addition of vitamin K, or a closely related compound (Table 
I). Compounds which resemble vitamin K, in the C-2 and 
C-3 position of the naphthoquinone ring (methyl lapachol and 
the diacetate of vitamin K,) permit both activities. Naphthoqui- 
nones which are active contain a methyl group in the C-2 posi- 
tion and an unsaturated side chain of at least 5 carbon atoms in 
the C-3 position. Compounds with a substituted hydroxyl 
group in the C-2 position (lapachol or lomatiol), or compounds 
with a substituent in the C-3 position such as a methyl group 
(dimethyl menadione) or menadione itself restore oxidation but 
they are inactive with regard to phosphorylation. 

The substituted compounds can be further subdivided into 
those which transfer electrons through a pathway similar to that 
observed with vitamin K, (KCN sensitive, p-chloromercuriben- 
zoate insensitive) such as lapachol and lomatiol and those which 
transfer electrons directly to oxygen, such as menadione and di 
methyl menadione (KCN insensitive, p-chloromercuribenzoate 
sensitive). The latter group transfers electrons by a nonphos- 
phorylative pathway similar to that observed with riboflavin 
phosphate (1). Related compounds and naphthoquinones found 
to be inactive in restoring both oxidation and phosphorylation 
include: vitamin Ke, the diphosphate ester of vitamin K, or of 
menadione (Synkayvite), Hykinone (menadione _ bisulfite), 
phthiocol (2-hydroxy-3-methyl-1 ,4-naphthoquinone), Synkamin 
(2-methyl-1-naphthol-4-amino-1 ,4-naphthohydroquinone), qui- 
none (1,4-benzoquinone), 9,10-anthroquinone, juglone (5-hy- 
droxy-1,4-naphthoquinone), a@a-naphthol, phytyl alcohol, a-to- 
copherol, and (Qio). 

Homologues of vitamins K, and K, with varying chain lengths 
in the C-3 position of the naphthoquinone ring were also tested. 
Naphthoquinones resembling vitamin K, and containing a side 
chain of increasing length, from 5 to 30 carbon atoms exhibited 
a decreased ability to restore oxidation with increasing chain 
length, whereas the P:O ratios increased through C2 (phyty]) 
and declined at Cos (Fig. 1A). The decrease in oxidation may 
be a reflection of decreased solubility with increasing chain 
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TABLE I 
Specificity of K-reactivated light-exposed system! 

The system consisted of 0.3 ml of particles (20 to 22 mg of protein per ml) and 0.4 ml of supernatant fluid (20 to 40 mg of protein 
per ml), both fractions exposed to light at 360 my for 1 hour. The vessels also contained 15 wmoles of MgCle, 25 wmoles of KF, 5 
pmoles of DPNH, 2.5 umoles of ADP, 20 umoles of glucose, 5 to 7 umoles of Pi, 1 mg of yeast hexokinase and water to a final volume 
of 1.3 ml. The following concentrations of the various naphthoquinones were used: 8 X 10-4 m vitamin K, diacetate and Q27s; 10-3 
vitamin K, and Ke, lapachol, dimethylmenadione, phthiocol, quinone, and menadiol diphosphate (Synkayvite); 2 X 10-3 m lomatiol, 
vitamin K, diphosphate and menadione; 5 X 10-3 m Synkamin and juglone; 8 X 10-3 M, lapachol and methy! lapachol; 10-? M a@-naph- 
thol and menadione bisulfite; 8 X 10-? M a-tocopherol and anthroquinone. 


" 
Common name Oxygen AP; P:O 
R2 
patoms pmoles 
Methyl] Phytyl Vitamin K, 2.6 3.9 1.51 
CH; 
Methyl —CH:.—CH=C 7 Vitamin K, 0.52 0.7 
CH.— 
Methy] 3-Methyl-2-butenyl Methy!] lapachol 5.6 2.0 0.35 
Methyl Methyl Dimethyl! naphthoquinone 4.4 0.2 
Methyl H Menadione 6.40 0.8 
Hydroxy] Methyl Phthiocol 0.6 0.7 
Hydroxyl 3-Methy1-2-butenyl Lapachol 2.7 0.3 
Hydroxyl 3-Hydroxymethyl-2-butenyl Lomatiol 2.8 0.6 
Ri 
Naphth hy 4 
—Ra 
Ri Ra Rs 
Phosphate Phosphate Methyl H Synkayvite 0.74 0.6 
Phosphate Phosphate Methyl Phytyl Vitamin K, diphosphate 0.30 0.0 
Acetate Acetate Methyl Phytyl Vitamin K, diacetate 4.12 2.5 0.61 
Hydroxyl Amino Methyl H Vitamin K; (Synkamin) 1.2 0.5 
Related quinones 
1,4-Benzoquinone Quinone 0.9 0.5 
9,10-Dihydro-9, 10-dioxoanthracene 9,10-Anthroquinone 0.0 0.0 
a-Tocopherol Vitamin E 0.0 0.0 
5-Hydroxy-1,4-naphthoquinone Juglone 10.6 0.3 
a-Hydroxy naphthalene a-Naphthol 0.3 0.0 
5,6-Methoxy-2-methyl-1,4-benzoquinone derivative | Qo7zs (Qio) 0.2 0.0 
2-Methyl-1,4-naphthoquinone bisulfite Menadione bisulfite (Hykinone) 0.6 0.0 


length; however, the number of carbon atoms in the C-3 position 
had a specific effect on phosphorylation. 

The effect of homologues of vitamin Ky (isoprene units from 
Cio to Cys) is shown in Fig. 1B. Their ability to reactivate 
oxidation was also dependent upon the chain length. Esterifica- 
tion of inorganic phosphate occurred only with the Cyo and Cys 


1 Although these results are representative of a number of ex- 
periments, those chosen were from experiments in which the degree 
of reactivation with vitamin K, was similar to that described in 
the table so that the reactivations are comparable. 


units; however, neither of these compounds was as effective as 
vitamin 

Effect of Vitamin K, Concentration—The Vmax values for 
oxidation and phosphate esterification were determined by 
studying the effects of increasing concentrations of vitamin K, 
on both activities. The relationship between vitamin K, con- 
centration and restored oxidation and phosphorylation is shown 
in Fig. 2. The substrate constant (A,) was calculated by plot- 
ting the data according to the method of Lineweaver and Burk 
(6). The K, for vitamin K, was similar in the oxidative (8.6 X 
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Fig. 1A and B. Specificity of the reactivated system with re- 
spect to the C-3 position with homologues of vitamins K, and Ke. 
Conditions were similar to Table I. The system in A also con- 
tained 0.3 ml of particulate fraction (13.8 mg of protein per ml), 
and 0.4 ml of supernatant fluid (20.3 mg of protein per ml), both ex- 
posed to 360 my light for 1 and 2 hours, respectively. The homo- 
logues of K, (3 X 10-* m) with side chains from C, to C39 were 
added after suspension in the light-treated lipid fraction. The re- 
action was carried out at 30° for 7 minutes. B represents a system 
containing 0.3 ml of particulate fraction (13.5 mg of protein per ml) 
and 0.4 ml of supernatant fluid (15.8 mg of protein per ml) exposed 
for 1 and 2 hours, respectively. The homologues of the Kz series 
(3 X 10-3) with side chain from C;o to C35 were suspended in the 
lipid fraction. The reaction was carried out at 30° for 5 minutes. 


CH; 


0 
Vitamin K, 


U ' T T T T T T T T 


S 
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Fig. 2. The effect of vitamin K, concentration on oxidation and 
phosphorylation. Conditions were similar to Table I. In addi- 
tion the system consisted of 0.3 ml of particulate fraction (21.8 
mg of protein per ml) and 0.4 ml of supernatant fraction (28.0 mg 
of protein per ml), both exposed to light (360 my) for 1 and 2 hours, 
respectively. Vitamin K, (concentration indicated) was added 
after suspension in light-treated supernatant fluid. The reaction 
was carried out at 30° for 8 minutes. 


10-* moles per liter) and in the phosphorylative reactions 
(6.9 X 10-4 moles per liter). Since phosphorylation is depend- 
ent upon oxidation, the affinity for vitamin K, for phosphoryla- 
tion may be a reflection of the concentration necessary to re- 
store oxidation. Both values were determined from the average 
of nine experiments and although high probably represent max- 
imum values, since it was impossible to measure the amount of 
vitamin K;, actually in solution. 

Effects of Inhibitors—The K-reactivated system, like the un- 
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TABLE II 
Effects of uncoupling agents on K-reactivated system 


The system consisted of 0.3 ml of particles (9.5, 16.6, and 20 
mg of protein per ml in Experiments 1, 2, and 3, respectively) 
and 0.4 ml of supernatant fluid (20, 30, and 30 mg of protein per 
ml, respectively). Both fractions were exposed to light at 360 
my for 1 hour before use. In addition, the vessels contained 15 
umoles of MgCl, 25 zmoles of KF, 2.5 umoles of ADP, 20 umoles 
of glucose, 1 mg of yeast hexokinase, 0.37 umole of vitamin K,, 
and 5 wymoles of DPNH. The reactions were carried out at 30° 
for 10 minutes. 


Agent conde tion | Oxidation] aPi | P:0 
M patoms pmoles 

2,4-Dinitrophenol..... 2X 10-4 1.76 0.4 0.06 

1X 10-5 1.93 0.1 0.05 

Dicumarol............ 3 xX 10-4 1.34 0.4 0.30 

5 X 1075 2.13 0.7 0.32 

4.02 2.4 0.56 

Lapachol............. 5 X 10-4 3.46 0.0 0.0 

pu-Thyroxine......... 3 X 10-4 3.2 0.8 0.25 
3,5,3’-Triiodothyro- 

acetic acid.......... 3 X 10-4 2.04 0.8 0.39 


treated bacterial system (5), was found to be sensitive to un- 
coupling agents (Table II). Uncoupling activity was demon- 
strated with low concentrations of 2,4-dinitrophenol, Dicumarol 
(3, 3’-methylenebis(4-hydroxycoumarin)), thyroxine, and the 
acetyl derivative of thyroxine.? Lapachol (see Table I) was also 
found to be an effective uncoupling agent in both the untreated 
and the K-reactivated systems. 

Since both oxidation and phosphate esterification are depend- 
ent upon the concentration of vitamin K, (Fig. 2), it was pos- 
sible to study the effects of inhibitors in relation to the concen- 
tration of this cofactor. The effects of lapachol on restoration 
of oxidation and phosphorylation by vitamin K, were of interest 
for several reasons. This compound differs from methyl lapa- 
chol (the first of the C-3 substituted naphthoquinones active in 
the Ky series) by the substitution of a hydroxyl for a methyl 
group in the C-2 position of the naphthoquinone ring. Addition 
of lapachol in place of vitamin K, results in restoration of oxida- 
tion only; yet transfer of electrons occurs by a pathway similar 
to that observed with vitamin K,. This analogue was also of 
interest because it is effective as an uncoupling agent. As can 
be seen in Fig. 3A, increasing ratios of lapachol to vitamin K, 
stimulated oxidation, but competitively inhibited phosphoryla- 
tion. Thus the methyl group in the C-2 position of the naph- 
thoquinone is also specifically associated with phosphorylative 
activity. 

The effects of dicumarol, a known competitive inhibitor of 
vitamin K,, are shown in Fig. 3B. At concentrations which 
uncouple phosphorylation from oxidation (10-5 m) this com- 
pound competitively inhibited phosphorylation and had no 
effect on oxidation. At higher concentrations (6 x 10-‘ M) a 


2 We would like to express our appreciation to Dr. Rosalind 
Pitt-Rivers of the National Institute for Medical Research, Lon- 
don, England, for her generous gift of the 3,5,3’-triiodothyroacetic 
acid. 
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Fic. 3A (upper). The effects of lapachol on the K-reactivated 
oxidation and phosphorylation. Conditions were similar to Table 
I. In addition the system consisted of 0.3 ml of particulate frac- 
tion (13.0 mg of protein per ml) and 0.4 ml of supernatant fraction 
(27.3 mg of protein per ml), both fractions having been exposed 
to light (360 my) for 1 and 2 hours, respectively. Vitamin K, and 
lapachol (concentration indicated) were added after suspension 
in light-treated supernatant fluid. B (lower). The effects of di- 
cumarol on the K-reactivated oxidation and phosphorylation. 
Conditions were similar to Table I. In addition the system con- 
sisted of 0.3 ml of particulate fraction (19.3 mg of protein per ml) 
and 0.4 ml of supernatant fraction (26.0 mg of protein per ml), 
both exposed to light (360 my) for 1 and 2 hours, respectively. 
The reactions (A and B) were carried out at 30° for 5 minutes. 


mixed or noncompetitive type of inhibition of oxidation was 
observed whereas the inhibition of phosphorylation was found 
to be competitive. The dependence of phosphorylation on 
oxidation makes it difficult to interpret the nature of dicumarol 
inhibition at high concentrations; however, in the uncoupling 
range where there is no effect on oxidation this agent competi- 
tively inhibits phosphorylation. 

The inhibitory effects of 2,4-dinitrophenol and thyroxine 
were also studied with the K-reactivated system, since they are 
effective uncoupling agents in the untreated bacterial system. 
Both compounds were found to be noncompetitive inhibitors of 


OH 
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Fic. 4A (upper). The effects of 2,4-dinitrophenol on the K-re- 
activated oxidation and phosphorylation. Conditions were simi- 
lar to Table I. In addition the system consisted of 0.3 ml of 
particles (24.5 mg of protein per ml) and 0.4 ml of supernatant 
fluid (31.5 mg of protein per ml), both exposed to light (360 my) 
for 1 and 2 hours, respectively. B (lower). The effects of L-thy- 
roxine on the K-reactivated oxidation and phosphorylation. Con- 
ditions were similar to Table I. In addition the systém consisted 
of 0.3 ml of particles (25.6 mg of protein per ml) and 0.4 ml of 
supernatant fluid (27.0 mg of protein per ml) both exposed to 
light (360 my) for 1 and 2 hours, respectively. The reactions (A 
and B) were carried out at 30° for 5 minutes. 


phosphorylation; oxidation was unaffected by 2,4-dinitrophenol 
(Fig. 4A) and slightly stimulated by thyroxine (Fig. 4B). 


DISCUSSION 


Vitamin K, can serve as a coenzyme in oxidative phosphoryla- 
tion. This naphthoquinone restores both activities with prepa- 
rations in which the naturally occurring naphthoquinone has 
been destroyed by exposure to light. Restoration of oxidation 
and phosphorylation is specifically dependent upon the addition 
of vitamin K, or a closely related homologue. Compounds 
which are active contain a methyl group in the C-2 position and 
an unsaturated side chain of at least 5 carbon atoms in the C-3 
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position of the naphthoquinone ring. Oxidative phosphoryla- 
tion is also dependent upon the length of the side chain. Mar- 
tius and Nitz-Litzow (7) came to a similar conclusion on com- 
paring the effects of methyl lapachol and the Cis homologue of 
vitamin K, with that of vitamin Ki on mitochondria from the 
livers of K-deficient hens. 

Recently Redfearn and Pumphrey (8) have shown that sub- 
stances which reactivate isooctane-extracted heart muscle prepa- 
rations have a long isoprenoid chain in common. In contrast, 
restoration of oxidative phosphorylation in the bacterial system 
after light treatment is dependent upon certain specific struc- 
tures on the naphthoquinone ring. It is unlikely therefore, that 
the effects produced by isooctane are analogous to those ob- 
served with light-treated preparations. 

Compounds like lapachol, which restore only oxidation with 
the light-exposed system, offer a new approach for studying the 
mechanism of coupled phosphorylation. The restored electron 
transport pathway appears to be similar to that of the K-reacti- 
vated system but the phosphorylative step associated with the 
K-reactivation is abolished. It is thus possible to study the 
conditions under which energy-rich phosphate bonds are gen- 
erated at the level of bound DPN. Further details will be 
reported in a later communication. 

Evidence has been accumulating which suggests that certain 
specific naphthoquinones may take part directly in the phos- 
phorylative events. Although oxidation can be restored by 
numerous naphthoquinones, the requirements for phosphoryla- 
tion are more specific. Furthermore, short periods of light ex- 
posure result in only a slight loss of oxidative activity, but a 
complete inactivation of phosphorylation, and phosphorylation 
can be restored by the addition of vitamin K,. It is also of 
interest that known analogues of vitamin K, were found to be 
competitive inhibitors of phosphorylation and to act as uncou- 
pling agents. Finally, Brodie and Davis (9) have recently 
demonstrated the formation of ATP from the oxidation of 
menadiol monophosphate in substrate amounts by the bacterial 
system. Evidence for the formation of metaphosphate from 
the chemical oxidation of mono- and diphosphate esters of 
menadiol has been obtained by Clark et al. (10). 

To amplify previous schemes (3, 10-13) the following mecha- 
nism is proposed for the generation and transfer of energy-rich 
phosphate bonds at at least one level of electron transport (Fig. 
5). In this scheme a naphthoquinone is used as a “‘transformer”’ 
or bridge for shuttling electrons between two coenzymes in the 
coupled respiratory chain and as a catalyst for the generation 
of energy-rich phosphate bonds. In Reaction I, the naphtho- 
quinone is reduced by the transfer of electrons from DPNH, 
possibly by an FAD-linked enzyme (14). Esterification*® of the 


ATP———AO0P 
OwPOsH2 
OPN CH, CH 
2 cyt. Fe** 


Fig. 5. Proposed mechanism for the action of a napthoquinone 
monophosphate in oxidative phosphorylation. 
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naphthohydroquinone may occur during reduction or after it 
as shown in Reaction II. The naphthohydroquinone mono- 
phosphate is then oxidized (Reaction III) by a cytochrome to 
yield an extremely unstable compound, the enol phosphate 
ester.4 Activation of the phosphate bond is thus accomplished 
by the removal of electrons and the subsequent electron rear- 
rangement. After transfer of the energy-rich phosphate® to 
ADP (Reaction IV), the regenerated naphthoquinone is ready 
to recycle. The proposed mechanism has merit in directing our 
attention to other respiratory coenzymes which may also serve 
two functions, one in electron flow and the other for the phos- 
phate cycle. 

Lipmann (16) in 1946 proposed a scheme for the catalytic 
transformation of phosphate bond energy resulting from elec- 
tron transfer. In this scheme a carbonyl] derivative serves as 
the transformer between DPNH and FAD. In the present 
scheme the naphthoquinone corresponds to the proposed car- 
bony] derivative. In both schemes an enol phosphate ester is 
formed; in the former, however, water is removed with the for- 
mation of a double bond, whereas in the present scheme removal 
of electrons results in the formation of a reactive cation. 


SUMMARY 


Restoration of oxidation and phosphorylation with the light- 
treated bacterial system is specifically dependent upon the addi- 
tion of vitamin K, or of a closely related homologue. Com- 
pounds containing a methyl! group in the C-2 position and an 
unsaturated side chain of at least 5 carbon atoms in the C-3 
position of the naphthoquinone ring are active in restoring 
both activities. Restoration of oxidation alone occurs with a 
number of naphthoquinones substituted in the C-2 or C-3 posi- 
tion. The bacterial system is also dependent upon the length 
of the side chain in the C-3 position for reactivation of oxidative 
phosphorylation. 

Restoration of oxidation and of phosphorylation showed a 
similar dependence upon the concentration of vitamin Ki. The 
effects of inhibitors on both activities were studied with respect 
to the K-reactivation. With the K-reactivated system, as with 
untreated extracts, oxidation can be uncoupled from_phos- 
phorylation by low concentrations of 2,4-dinitrophenol, dicu- 
marol, lapachol, thyroxine, and triiodothyroacetic acid. Lapa- 
chol and dicumarol were both found to be competitive inhibitors 
of phosphorylation at low concentrations. With higher concen- 
trations of dicumaro] a noncompetitive or mixed type of inhibi- 
tion of oxidation was observed; however, the inhibition of phos- 


3 The bond energy of the phosphate group after Reaction II 
would be low. A similar synthetic compound, monoethyl mena- 
diolmonophosphate is resistant to hydrolysis and thus is con- 
sidered to contain a low energy phosphate bond (9, 10). By the 
proposed mechanism electron transfer can also occur in the ab- 
sence of inorganic phosphate by the oxidation the naphthohydro- 
quinone formed in Reaction I. 

‘The enol phosphate ester of the naphthoquinone, like phos- 
phoenol pyruvate, would yield on hydrolysis compounds with 
structures which have tautomeric properties. Kalckar (15) has 
pointed out that the hydrolysis of energy-rich phosphate bonds in 
all known cases results in the formation of structures which possess 
characteristic resonance similar to that expected of the enol phos- 
phate ester. 

5 The dependence of the formation of ATP from menadiol mono- 
phosphate upon the oxidation (9) and the resistance of this com- 
pound to hydrolysis (9, 10) further indicate that dephosphoryla- 
tion and transfer are coupled with or follow oxidation. 
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phorylation remained competitive. With 2,4-dinitrophenol and 
thyroxine the inhibition of phosphorylation was found to be 
noncompetitive, and oxidation was not inhibited. 

A mechanism for the generation of energy-rich phosphate 
bonds from a monophosphate ester of a naphthoquinone is dis- 
cussed. 


Addendum.—Since submitting this manuscript the vitamin K:- 
like naphthoquinone extracted from Mycobacterium tuberculosis 
by Noll (17) was found to be inactive in restoring oxidation and 
phosphorylation when tested with the light-treated system. Al- 
though the structure of the side chain in the C-3 position of the 
M. phlei naphthoquinone is unknown, it would appear to differ 
from that of the naphthoquinone isolated from M. tuberculosis. 
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During the course of some studies on xanthine oxidase it was 
discovered that when the enzyme was incubated with one of its 
substrates in the presence of either 10 , 10’-dimethy]-9 , 9’-biacridy]- 
ium nitrate or 5-amino-2,3-dihydrophthalazine-1 ,4-dione(lumi- 
nol)light was produced in considerably greater intensity than 
would be expected from the rate of production of H.O2 and the 
known chemiluminescence of these compounds in the presence of 
H:O.. The emission of light requires the presence of free Oz as 
is usual in chemiluminescence or bioluminescence. These re- 
actions have been investigated further and there are detailed 
below several experiments with xanthine oxidase and DBA*++- 
nitrate.! The kinetics of light production with DBA*+* differ 
from those with luminol and from the known kinetics of oxida- 
tion of substrates of xanthine oxidase. There appears to be a 
special relation between purines, especially hypoxanthine, as 
substrates and the chemiluminescent compound. Although 
other substrates (DPNH, HCHO, CH;CHO) produce light the 
intensity is very much lower than with hypoxanthine. 

It appeared during the course of these studies that DBA** is 
an electron acceptor with special properties which are of great 
interest. This compound is a pyridine derivative with many 
properties similar to diphosphopyridine nucleotide. It forms 
addition products relatively insoluble in aqueous solvents, with 
cyanide ion and with hydroxyl ion. It reacts with hydrosulfite 
with luminescence (2) and we have likewise observed light emis- 
sion when it reacts with acetone. The analogy with DPN has 
provided a fruitful field for further investigation of the reactions 
of DBA** and these in turn may prove useful in elucidation of 
some DPN addition reactions. 

For recent work on DPN addition products and for references 
see Van Eys (3) and Singer and Kearney (4). 

The emission of light by DBA*++ has been studied by numerous 
workers since its discovery by Gleu and Petsch (2). A review 
of the early work has been written by Anderson (5) and some 
newer work is to be found in the volume on bioluminescence 


* This investigation was made possible by a generous grant from 
The Rockefeller Foundation. The authors are also indebted to 
the Directors and the technical personnel of Conaprole (Coopera- 
tiva Nacional de Productores de Leche) for the supplies of fresh 
cream used in the preparation of xanthine oxidase. A preliminary 
report has appeared (1). 

+t Present address, Laboratorio de Biologia Animal ‘‘Dr. Miguel 
C. Rubino”’ Ministerio de Ganaderfa y Agricultura, Montevideo. 

1 The abbreviations used are: DBA*t*t, 10,10’-dimethyl-9,9’- 
biacridylium; DBA, 10,10’-dimethy1-A9,9’-biacridane. 


edited by Johnson (6). The chemistry of the biacridines is the 
subject of more recent work by Grigorovskii and Simeonov (7). 


EXPERIMENTAL 


The xanthine oxidase used in these studies was prepared from 
fresh buttermilk by the method of Ball (8). The product used 
in most of the studies showed a ratio of absorption at 280 to 450 
my of 9. However, the buttermilk was sufficiently active to 
bring about light emission readily visible to the eye, dark adapted 
for only a few seconds. The ammonium sulfate-containing solu- 
tion of the enzyme was purified for use either by dialysis or by 
precipitation with additional ammonium sulfate followed by solu- 
tion in water and adsorption on and elution from calcium phos- 
phate gel as outlined by Horecker and Heppel (9). The light 
emission is very sensitive to the presence of ammonium sulfate 
or to quenching agents such as salts of the halogens. 

The dimethylbiacridylium nitrate was synthesized according 
to the method of Decker and Petsch (10). The millimolar ab- 
sorption was 20.9 at 368 my and 5.63 at 430 mu. Acheson and 
Burstall (11) give values of 19.05 at 370 my and 5.63 at 430. 
Titration with ferricyanide of the hydroxy] addition product 
indicated that the material used was pure within the limits of 
error of this method (approximately +1% with 2 equivalents of 
K;Fe(CN). per mole of DBA+*). 

The substrates of xanthine oxidase used in the experiments 
were obtained from commercial sources. Light measurements 
were made on a commercially available line-operated photo- 
multiplier fluorimeter. A sample holder constructed to fit into 
the space normally occupied by the secondary filter was used to 
improve the sensitivity for some experiments. However, this is 
not necessary and sufficient light is emitted to be determined 
even with photocell instruments. The sensitivity of the instru- 
ment used is stated by the manufacturer to be 10-!° lumens at 
wave length 400 my per unit scale deflection. Fluctuation in 
the voltage available proved to be a troublesome source of error. 

Experiments were, except where otherwise noted, conducted 
by adding last 0.1 ml of enzyme to 1.4 ml of mixture of the other 
ingredients, in a 12- X 50-ml test tube which fitted into the 
holder described above. The order of mixing is not important 
except when KCN is used. The mixture of DBA++ and KCN 
should stand as short a time as possible and should not be ex- 
posed to light or there will be immediate decomposition of the 
DBA*++. Enzyme exposed for a few hours to KCN is inactive 
for light production with purines as substrates and cyanide does 
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TABLE 


Mazimum intensity of emitted light with various substrates of 
xanthine oxidase in presence of 0.064 umole/ml of 
dimethylbiacridylium nitrate 

Total volume 1.5 ml, pH 10.4, 0.013 N Na2CO; buffer. 450 ug 
xanthine oxidase/ml. 


J.R. Totter, V. J. Medina, J. L. Scoseria 


‘Maximum galvanometer deflection 
Substrate Concentration 
Without KCN | Wit ea 
pmoles/ml 
Hypoxanthine 1.33 3200 3650 
Xanthine 1.33 1575 2100 
HCHO 20 705 347 
CH;CHO 20 3.5 0 
CH;:CHO 80 61 
DPNH 3* 510 649 
Pteridine aldehyde 2 0 155T 


* The DPNH was added as solid and therefore the figure is 
only approximate. 

t The blank value without enzyme was 260. It is therefore 
presumed that this value does not represent enzymic reaction. 
In no other case tested did the blank value without enzyme exceed 
a deflection of one, at the pH used. 


not appear to influence the light emission with luminol. The 
experiments reported were conducted at 23°. 


RESULTS 


A comparison of the maximal light intensity with DBAt+ 
and with various substrates of xanthine oxidase and at pH 10.4 
in 0.017 N sodium carbonate buffer is given in Table I. The 
effect of KCN on maximum intensity is also recorded in the 
table. A pH-maximum light intensity curve is given in Fig. 1. 
For purposes of comparison 10 uwmoles of H,O2 at pH 10.4 gave 
a galvanometer deflection of 18 compared with the 2500 shown 
by the enzymic reaction. 

At higher pH values (11.5 or above) an appreciable blank ap- 
pears. There is a buffer effect also, possibly in part due to 
quenching. The choice of buffer and pH was governed by these 
considerations. An extensive search for optimum conditions has 
not been undertaken. Light intensity is linearly proportional 
to enzyme concentration over more than a 10-fold range (12). 
The amount of enzyme used in the experiments varied between 
25 and 450 yg. 

The presence of KCN not only alters the maximum intensity 
of light obtainable but changes the time course of the reaction 
also. An experiment showing this changé is given in Fig. 2. 
It may be seen that in the presence of KCN the light intensity 
follows a course which resembles closely the curve of a typical 
enzyme-substrate complex such as those calculated by Chance 
(13). In the absence of KCN the course followed suggests that 
there is a sequence of reactions before the active compound is 
formed. These experiments were conducted in such a manner 
that the DBA++ was the limiting substrate. The tubes were 
not agitated during the course of the measurements. 

In connection with the effect of cyanide an effort was made 
to determine if the cyanide addition product could be demon- 
strated spectrophotometrically under the conditions of the ex- 
periment. The addition compound is well known (10) and 
separates from aqueous solution when the cyanide concentration 


2500 


1500 


GALV. DEFLECTION 


Fig. 1. Influence of pH on maximum light intensity: Each tube 
contained 1.0 ml glycine buffer, 0.05 m; 0.2 ml 0.01 n NaCN; 2 
umoles hypoxanthine; 25 ug DBA**; xanthine oxidase, 0.1 ml; 
watertol.6ml. The highest point was obtained with only sodium 
carbonate as buffer. The pH of each solution was measured with 
the glass electrode after completion of the reaction. 
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Fic. 2. Time course of enzymically produced chemilumines- 
cence. Sodium carbonate buffer, 0.067 n, pH 10.4. Each tube 
contained 2 umoles hypoxanthine; 25 ug DBA**; xanthine oxidase, 
0.05 ml; water to 1.55 ml. O——O, without added cyanide; 
@——@, in the presence of 0.0013 n KCN; A——A, in the pres- 
ence of 0.013 n KCN. 


is high. However, no evidence for appreciable reaction was ob- 
tained. The absorption spectrum in the visible and near ultra- 
violet range is given in Fig. 3 and is the same as that of DBA*t*. 

In spite of this lack of evidence for reaction there is an obvious 
change manifested in another way. This is the extreme light 
sensitivity of the cyanide solution of DBA+*. In Table II there 
is given some data on the time required for the yellow fluores- 
cence of the DBA+* to decline one-half during exposure to a 
mercury vapor lamp in the presence of varying quantities of 
cyanide at pH 10.4 in carbonate buffer. The exposures were 
made at a distance of 12 cm from the envelope of the 100-watt 
lamp and there was no filter. 

The absorption spectrum of the product is given in Fig. 3. 
Dilute ammonium hydroxide solutions of DBA** are also very 
sensitive to light but in this case the product separates as a 
precipitate insoluble in aqueous solvents but readily soluble in 
organic solvents to give an intensely blue solution. The separa- 
tion of the product makes reliable kinetic data difficult to obtain. 

The relationship of maximum light intensity to hypoxanthine 
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Fic. 3. Absorption spectra of DBA** and related compounds 
in the near ultraviolet and visible range. O——O, 7.0 X 10°-'m 
DBA** in 0.067 n Na2CO;-0.013 sn KCN. The absorption curve is 
the same in the absence of KCN. @——@, the same solution at 
the conclusion of light emission after addition of xanthine oxidase 
and hypoxanthine; corrected for dilution. A——A, DBA in 
benzene, concentration unknown. A——A, DBA? in 0.1 N 
Na2CO;-0.013 n KCN after exposure to mercury vapor lamp until 
yellow-green fluorescence was replaced by blue fluorescence. 


TaB_Le II 
Stability of DBA** to light from 100-watt mercury vapor 
lamp in presence and absence of cyanide 


Three milliliters of 0.1 N Na2CO; containing 87.5 wg DBA ex- 
posed at 12 cm distance with no filter. 


108 

> 800 
1 105 
1.33 88 
1.67 65 
2.00 60 
2.67 47 
3.33 37 
6.67 21 


concentration in the presence of KCN and in carbonate buffer 
is given in Fig. 4. 


DISCUSSION 


It is interesting that the usual relationship between substrate 
concentration and initial velocity of reaction is not observed 
with the hypoxanthine-DBA++-xanthine oxidase mixture. In- 
stead, the square root of the maximum intensity, reached within 
a few seconds after mixing, bears the usual relationship to the 
hypoxanthine concentration. In Fig. 4 the hypoxanthine con- 
centration is plotted against the square root of the maximum 
intensity of light emission. A reciprocal plot is also given. The 
fit of the points suggests a relationship which is given by the 
equation 


(Kn, + S)? 


v 


This equation is derived from the Michaelis-Menten equation 


O 
1/Sx10° 


Fic. 4. Relationship of maximum light intensity to hypoxan- 
thine concentration. Conditions: 1 ml 0.1 N Na2COQ3;, 0.2 ml of 
0.1 Nn KCN, 0.05 ml of solution containing 0.5 mg per ml of 
DBA**, 0.05 ml xanthine oxidase, hypoxanthine solution and 
H,0 to1.5ml. O——O, the dependence of the square root of the 
maximum emitted light intensity (right ordinate) upon the hy- 
poxanthine concentration (upper abscissa). @——@, the re- 
ciprocal of the square of the maximum emitted light intensity 
plotted against the reciprocal of the hypoxanthine concentration. 


(14) by substituting 


for V,,. Thus there appear to be two occupied sites per active 
center on the enzyme and the apparent dissociation constants 
are equal. The experimental value for K, has been determined 
and found to be near the value for hypoxanthine reported by 
Mackler et al. (15). 

Although the necessity for having two sites on the enzyme 
occupied to produce light may not mean that there must be 
two nearly simultaneous two-equivalent electron transfers, it is 
interesting to examine this possibility. The implications con- 
cerning structure of enzyme and coenzyme that such a transfer 
would imply are obvious. Efforts have been made to determine 
the relationship between light intensity and DBA*+ concentra- 
tion. However, the wave length changes brought about by 
self absorption and reemission together with the changing sensi- 
tivity of the photomultiplier tube at longer wave lengths make 
correction of the data difficult. The apparent concentration of 
half-maximum intensity is in the neighborhood of 1 xX 10-5 M 
and there is no indication of a square relationship as is found with 
hypoxanthine. At low concentrations the emitted light is blue, 
with a wave length maximum near 445 my (12). 

Although it may be seen that the kinetic data are compatible 
with a four-equivalent reaction the chief end product found has 
been identified as 10, 10’-dimethy]-A-9 ,9’-diacridane. This com- 
pound differs in its oxidation level from DBAt++ by only two 
equivalents. It is worth noting that upon long standing DBA 
is converted wholly or in part back to DBA*++. The entire 
process may thus be cyclical. 
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DBA has been synthesized by Decker and Petsch (10). Ac- 
cording to these workers the compound is slowly oxidized by air 
in alcohol solution to DBA*++* with the emission of light. We 
have verified this observation and found that the oxidation is 
enormously accelerated by light. Furthermore, the acceleration 
lasts for several seconds after removal of the light giving the 
appearance of “phosphorescence” to the phenomenon. It is 
worthy of note that light appears either when DBA** is reduced 
to DBA or when the latter is oxidized back to the starting mate- 
rial. There may be, therefore, a common intermediate, in an 
activated state. 

DBA in benzene solution is converted to methyl acridane- 
acridinium methochloride by HCl. This compound when dis- 
solved in alkaline solutions changes over to the carbinol, 10, 10’- 
dimethyl-9(H) ,9’(OH)-biacridane (10). The carbinol has a 
fluorescence spectrum which at pH 10.4 closely resembles the 
emission spectrum of the enzymically produced light. Un- 
fortunately the equipment available to us has not permitted 
the unequivocal identification of the two spectra. It seems 
likely, however, that the carbinol or perhaps the corresponding 
cyanide in the presence of KCN is the activated intermediate. 
The carbinol may quickly lose water or the cyanide HCN to 
give rise to DBA in the enzymic reaction after light emission. 

With the foregoing observations in mind the following se- 
quence of reactions is suggested as a possible summary of the 
events leading to light emission in the presence of xanthine oxi- 
dase and the two substrates: 


DBA** + 2 H2X — (H:DBA) + 2H*++ 2X (1) 
(H:DBA) + (O) — (HO-DBA-H)* — (HO-DBA-H) + hy (2) 
(HO-DBA-H) — DBA + H:O (3) 

(HO-DBA-H) + (O) — DBA*+* + 2(OH)- (4) 


In these equations H2X represents hypoxanthine; X, xanthine; _ 


(HO)DBA(H) is 10,10’-dimethyl-9(H) ,9’(OH)-biacridane and 
H.DBA, 10,10’-dimethy]-9,9’-biacridane, the product of a four 
equivalent reduction of DBAt++. The compounds in brackets 
have not been identified in the reactions with enzyme, but both 
are well known (7, 10). Since H.DBA is itself quite insoluble 
it seems likely that some other compound at the same oxidation 
level, perhaps a radical, may be the actual intermediate. The 
oxidations indicated may be effected by Oz, an oxygen radical 
or by H.O: or an organic peroxide. The oxidation in the fourth 
equation appears to be much slower than the other reactions. 
Alternative formulations involving only two electron reduc- 
tions do not require the kinetics observed or do not account for 
the necessity for free oxygen for light production. It is, of 
course, possible that a small amount of rapid reoxidation of the 
carbinol (Reaction 4) to DBA*+ could provide the light seen. 
However, the fluorescence spectrum of both DBA++ and DBA 
is much too far towards the red end of the spectrum. Neither 
of these compounds could qualify as the light emitter. It should 
be emphasized that the yield of light is so small that only a frac- 
tion of the total chemical change is required for its production. 
The possible relation of the present studies to the better known 
bioluminescences are readily seen. Comparisons may be made 
with the bacterial luminescence system (16, 17) and with the 
Cypridina luciferin-luciferase (see the review by Anderson (5)). 
Tsuji and Harvey (18) have reported a “phosphorescence” after 
exposure of Cypridina luciferin to light and Cormier? has ob- 


2 Personal communication from Dr. Milton J. Cormier, Uni- 
versity of Georgia, Athens, Georgia. 
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served a similar phenomenon in ground mycelia of Omphalia 
flanda. The similarities suggest that it may be worthwhile to 
examine the luciferins whose structures are still unknown for 
other reactions which might indicate a substituted pyridine 
structure. 


SUMMARY 


10 ,10’-Dimethy1-9 ,9’-biacridylium nitrate is reduced to 
10, 10’-dimethy1-A9 ,9’-biacridane by substrates of xanthine 
oxidase in the presence of the enzyme with concomitant light 
emission, the wave length of maximum intensity being in the 
neighborhood of 445 mu. The presence of free O:2 for light emis- 
sion is required. The kinetics of the reaction suggests that a 
four-electron transfer occurs, followed by a reoxidation with 
light emission. The presence of KCN increases the maximum 
intensity of the light and alters the course of the reaction. The 
dimethylbiacridylium salt was found to be extremely sensitive 
to light at pH 10.4 and in the presence of low concentrations of 
KCN, or in dilute ammonia. The 10,10’-dimethy]-A9,9’-bi- 
acridane, if dissolved in an alcohol or pyridine, is spontaneously 
oxidized with chemiluminescence and the rate of chemilumines- 
cence may be increased by exposure to light. This increase 
lasts a few seconds after the light is removed in a manner similar 
to the “phosphorescence” of Cypridina luciferin. 

The data have been interpreted as suggesting that the primary 
product of the reduction of 10, 10’-dimethy]-9,9’-biacridylium is 
a compound at the oxidation level of 10,10’-dimethy]-9 , 9’-bi- 
acridane which is oxidized by free oxygen, or by an oxygen rad- 
ical to 10,10’-dimethyl-9H ,9’OH-biacridane (or possibly to the 
corresponding 9’-CN compound in the presence of KCN), the 
latter compound being left in an excited state and subsequently 
emitting light. After returning to the ground state the com- 
pound presumably loses H.O (or HCN) and gives rise to the 
end product. 
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Mitochondria, the major site of synthesis for energy rich phos- 
phate bonds in animal tissues, have been alluded to as the ionic 
pumps in cells because of the action of energy rich compounds 
in the control of osmotic properties (1, 2). Since the work of 
Raaflaub (3, 4) there have been several reports (1, 5-8) that 
adenosine triphosphate plus magnesium or manganous ions can 
reverse or prevent swelling of isolated mitochondria. Swelling 
and shrinking of mitochondria is also known to be accompanied 
by changes in intramitochondrial water and ions (1, 2, 7), by 
changes in light scattering properties (3, 4, 9, 10) and by func- 
tional changes such as the ability to carry out oxidative phos- 
phosphorylation (4, 7, 8, 10, 11). These findings suggest that 
a close relationship exists between mitochondrial size and metab- 
olism. 

In 1955, Holton (12) reported that in respiring heart mito- 
chondria the steady state of cytochrome b was more reduced in 
the presence of ADP. These findings conflicted with Chance 
and Baltsheffsky (13) who found cytochrome b more oxidized 
under these conditions. The discrepancy was studied by Chance 
and Packer (14) and was found due to the use of a single wave 
length measurement by Holton (12) in which the small optical 
changes of cytochrome b in the steady state were obscured by 
concurrent larger light scattering changes. These results in- 
dicated that mitochondrial swelling and shrinking changes ac- 
companied the different metabolic states. 

Furthermore, since the intramitochondrial regulation of re- 
spiratory rate is largely under the control of ADP (Lardy and 
Wellman (15), Siekevitz and Potter (16), Chance and Williams 
(17, 18)), it seemed reasonable that ADP rather than ATP was 
a more likely substance for regulating changes in mitochondrial 
size by metabolism. This hypothesis has been examined and 
confirmed by simultaneously monitoring swelling and shrinking 
during the different metabolic states of isolated mitochondria.' 
In subsequent communications, the regulatory effect of phos- 
phate and an account of the mechanism of this phenomenon in 
mitochondrial membrane fragments shall be reported (19). 


EXPERIMENTAL 


Preparations—Rat heart mitochondria (sarcosomes) were iso- 
lated in sucrose (0.32 m)-Versene (ethylenediaminetetraacetate) 
(0.001 m) by the procedure of Cleland and Slater (20). Reaction 
mixtures contained 0.05 m sucrose, 0.02 m KCl, 0.02 m phosphate 


* Present address, Department of Microbiology, The University 
of Texas Southwestern Medical School, Dallas 19, Texas. 

1 A preliminary report of this work was presented at a confer- 
ence on ‘“‘Metabolic Factors in Cardiac Contractility’”’ held at the 
New York Academy of Sciences, March 17 to 19, 1958. 


buffer at pH 7.5, 0.1 mm Versene, and heart mitochondria in a 
final volume of 2 ml. The methods for polarographic assay of 
respiration and oxidative phosphorylation with the use of heart 
mitochondria have been described (21, 22). Rat liver mitochon- 
dria were prepared in 0.25 m sucrose by the technique of Schneider 
(23) as modified by Lardy and Wellman (15). Reaction mix- 
tures contained 0.05 m sucrose, 0.04 m KCl, 0.02 m MgCl, 0.02 
mM phosphate buffer at pH 7.5, and mitochondria in a final volume 
of 2 ml. 

Measurements—The oxidation-reduction state of cytochrome 
b was followed spectrophotometrically by recording the specific 
absorbancy change due to this respiratory pigment at 430 my; 
these changes at 430 my were corrected for nonspecific changes 
by monitoring light absorption at a nearby wave length as 410 
my, with the use of the dual beam spectrophotometer described 
by Chance (24). 

The swelling and shrinking changes were followed by the 
commonly used practice of measuring turbidity or percentage of 
light transmission at a wave length where the absorption band 
of a specific pigment does not interfere (13, 14); an action spec- 
trum of light scattering and cytochrome changes is presented 
under ‘Results.” The turbidity or light scattering changes 
were also observed with a single beam technique by measuring 
directly the scattered light at 90°; these experiments are not 
reported here since they agreed with the findings made by the 
turbidity method. 

The polarographic measurements of respiration and oxidative 
phosphorylation, and the specific light absorption changes due 
to the oxidation-reduction of cytochrome b, and the nonspecific 
light absorption and light scattering changes, were measured 
simultaneously with synchronously recording apparatus (cf. 
(13, 14)). Rates of respiration are given as um O,? utilized per 
second. The nomenclature for metabolic states described by 
Chance and Williams (18) have been followed throughout (Table 
1). 

Osmotic Properties—In the experiment shown in Fig. 1, heart 
mitochondria were suspended in sucrose media of low osmolarity 
and then titrated with increments of sucrose. A plot of the 
resultant increased optical density at 410 mu with molarity of 
sucrose indicates mitochondrial shrinking as expected on addi- 
tion of a nonpenetrant. A plot of the reciprocal of osmolarity 
versus optical density shows a linear relationship. These find- 
ings are in agreement with those of Tedeschi and Harris (25) 
who showed that liver mitochondria obey the Van’T Hoff equa- 


tion. 


2 «Moles per liter. 
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RESULTS 


States 3 and 4—A typical experiment showing the effect of 
oxidative phosphorylation on mitochondrial structural and 
functional parameters is given in Fig. 2. At the start of the 
experiment heart mitochondria were added to aerobic medium. 
Endogenous substrate was allowed to disappear over several 
minutes; this is indicated by the slow rate of respiration (0.03 
pm per sec). The addition of an oxidizable substrate, 6-hy- 
droxybutyrate, augmented respiration 7-fold and increased the 
steady state reduction of cytochrome b. In this condition (State 
4) the mitochondria swell until a lower steady state level of 
shrinkage is obtained. If now the phosphate acceptor, ADP, is 
added, electron transport is increased 4-fold, and this is accom- 
panied by an oxidation of cytochrome 6 (13). In this condition 
(State 3) oxidative phosphorylation occurs, and as indicated in 
the figure, the ADP:O ratio was calculated by the polarographic 
method to be 2.8. The addition of ADP also caused complete 
reversal of swelling induced by the prior addition of substrate. 
When the small amount of ADP added was phosphorylated to 
ATP, respiration declined 4-fold, cytochrome b was reduced, and 
swelling again occurred. Multiple additions of small amounts 
of ADP cause a repetition of the aforementioned changes. 

The following additional points should be emphasized at this 
time. First, the kinetics of the structural changes occurs slower 
than the changes in electron transport. Second, the mito- 
chondria shrink on addition of ADP, and remain in the higher 
steady state of shrinkage only during State 3 when ADP is pres- 
ent. Also, substrate-induced swelling occurs more slowly than 
ADP-induced shrinking. Third, the calibration of the absorp- 
tion change due to cytochrome 6 and light scattering shows that 
they proceed in opposite directions in States 4 and 3 (see below) 


and that the changes due to swelling and shrinking are approxi- — 


mately 4 times larger than the specific change due to cytochrome 
b (14). Last, many other types of mitochondria carry out quali- 
tatively the same swelling and shrinking changes in States 3 and 
4 as shown here for rat heart; guinea pig, rabbit, frog, and toad 
heart mitochondria, rat liver, kidney and brain mitochondria, 
and ascites tumor cell mitochondria. 

To assess the contribution of absorbancy changes of the cyto- 
chrome pigments on the light scattering measured at 410 mu, an 
action spectrum of the State 4 to 3 transition was obtained 
(Fig. 3). Heart mitochondria (0.74 mg of protein) were sus- 
pended in aerobic reaction media containing substrate (G-hy- 
droxybutyrate plus succinate) and placed in the spectrophotom- 
eter. Then 100 um ADP was added and the absorbancy changes 
at different wave lengths (corrected for the change at a reference 
wave length) were plotted as a function of wave length 9, 30, 
60, and 120 seconds afterward. The reference wave length was 
480 mu. 

The oxidation of the cytochrome band, shown by the absorb- 
ancy decrease at 430 muy, is maximal at 9 seconds following the 
addition of ADP, and subsequently (30, 60, and 120 seconds) 
progressively disappears as the ADP is exhausted (as in Fig. 2). 
At 410 my an increase in absorbance of about +0.003 is recorded 
at 9 seconds. Since at 9 seconds the cytochrome reactions have 
reached the steady state, an increase in absorbance of +0.003 at 
410 my is the maximal contribution which cytochrome changes 
cause at this wave length. However, the absorbancy changes 
at 410 my continue to increase with time until a maximum change 
of +0.012 is reached at 60 seconds. This change is due to light 
scattering, and the results, therefore, clearly show that the light 
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TABLE I 
Metabolic states of mitochondria, after Chance and Williams (18) 
State | (Ox) (ADP) | (Substrate) | Respiration | Rate-limiting 
1 >0 low low slow ADP 
2 >0 high 0 slow substrate 
3 >0 high high fast respiratory 
chain 
4 >0 low high slow ADP 
5 0 high high 0 oxygen 
> 
§0.080- 0.060+ 
= 
£0.060- 
0.040 
= 
20.040 
S 0.020 
=£0.020- 
5 7 I5 i135 18 10 


16 14 12 
Sucrose concentration(mM) I/OSMOLARITY 
Fig. 1. Test for osmotic properties of heart mitochondria 


B-OHB ADP 
f Reduction 4 
Cytochrome b 
° Oxidation + 
2 
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Light-scatterin 
Swellings 
10.03] 0,22 | L20——* 0.23 | Respiration 
AM O2 /sec/! 
ADP/O =2.8 Phosphorylation 
Minutes 


Fig. 2. Swelling and shrinking changes of heart mitochondria 
during States 4 and 3. 


scattering changes lag behind the cytochrome changes. Even 
at 120 seconds the light scattering was not completely reversed. 
The 120-second curve further shows that light scattering, as 
expected, increases as the measuring wave length decreases (26). 
In another experiment, carried out under the same conditions, 
the maximal absorbancy increase measured at 410 my only 60 
seconds after adding ADP was found to be +0.038. Since the 
maximal increase in absorbance at 410 my due to cytochrome 
reactions was +0.003, it is clear that absorbancy changes at 
410 mp are predominantly due to changes in light scattering. 
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Fic. 3. Action spectrum of cytochrome and light scattering 
changes. 
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Fig. 4. Effect of ATP and ADP on State 4 swelling of rat heart 
mitochondria. 


Although ATP accumulated during the period of oxidative 
phosphorylation in the experiments just described, mitochon- 
drial swelling was unaffected in State 4. Indeed, the addition 
of ATP itself is ineffective in controlling mitochondrial size under 
these conditions. Fig. 4 shows a recording of light scattering 
only at 443 my of aerobic mitochondria. Addition of a-keto- 
glutarate initiates swelling (decreased absorbance 0.024 per 
minute) of the suspension, this being the characteristic effect of 
oxidizable substrate in State 4. Approximately 90 seconds after 
the addition of the substrate, 500 um ATP was added, but the 
rate of swelling over the time course of the second 90-second 
period was unchanged. However, when 250 um ADP was added, 
a rapid shrinking (increased absorbance 0.057 per minute) oc- 
curred. This is the typical effect of ADP in State 3. The 
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Fia. 5. Effect of malonate on succinate-induced swelling of rat 
heart mitochondria. 


time course of the ADP effect shows that shrinking was com- 
pleted at the end of the third 90-second period. 

These experiments show that structural changes of the mito- 
chondria in States 3 and 4 are determined by the intramito- 
chondrial ADP concentration. If such is the case in general, 
reactions which increase mitochondrial ADP should be accom- 
panied by shrinking, and conversely those which decrease the 
ADP level should cause swelling. 

A condition which would be expected to decrease intramito- 
chondrial ADP is the addition of oxidizable substrates (State 4). 
Thus, in addition to B-hydroxybutyrate and a-ketoglutarate, 
succinate, pyruvate, glutamate, and malate are respired by 
heart mitochondria and also initiate swelling, whereas nonoxi- 
dizable substrates as glucose, fructose, mannose, a-glycerophos- 
phate, §-glycerophosphate, and reduced diphosphopyridine 
nucleotide were without effect. Swelling with these oxidizable 
substrates was completely reversible by ADP. 

Succinate-induced swelling and its complete reversibility by 
ADP is illustrated in Fig. 5. Succinate caused a rate of swelling 
of 0.082 per minute (as absorbancy change at 443 my); after 80 
seconds 200 um ADP was added. This caused an initial rapid 
shrinking which was too fast to be measured, followed by com- 
plete reversal of swelling in 90 seconds; when the ADP added 
was phosphorylated to ATP, swelling begins again and in a 
second 80-second period, a similar time course of swelling was 
again obtained. If 8 mm malonate is added now, electron trans- 
port is almost completely inhibited, and a reversal of swelling 
is brought about. However, the kinetics of the reversal are 
different than obtained with ADP, as more than 170 seconds 
were required for completion. Inhibition of electron transport 
by malonate under these conditions would be accompanied by 
an increase in intramitochondrial ADP concentration due to 
ATPase activity (21, 22). Thus a slow accumulation of ADP 
under these conditions would explain the slower kinetics of re- 
versal of swelling. However, ATP itself cannot reverse swelling 
in the presence of electron transport (Fig. 2) because the re- 
action 


oxidative 
phosphorylation (1) 
ADP + P < > ATP 
is in the forward direction. It follows that ATP should reverse 
swelling in the absence of substrate (see below). 
Other inhibitors of electron transport such as azide, cyanide, 
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Amytal (amobarbitol),? and exhaustion of oxygen (see below) 
will also reverse substrate-induced swelling of State 4 in a man- 
ner similar to malonate. Raaflaub (3) and Price e¢ al. (7) have 
reported that succinate augmented a spontaneous swelling of 
rat liver mitochondria and that malonate inhibited this response. 
Recently Chappel and Greville (27) have extended these observa- 
tions to other substrates and inhibitors. These studies differ 
from those described here in that they are not accompanied by 
shrinking because the conditions of their experiments favor 
spontaneous and phosphate-induced swelling of the mitochondria. 

State 1 and 2—The size changes which accompany mitochon- 
dria in State 1 are complex because the amounts of substrate 
and ADP present are variable. Typical data for liver mito- 
chondria (same for heart) are given in Fig. 6. Under conditions 
where a small amount of endogenous substrate is present, its 
disappearance begins when the mitochondria are placed in the 
aerobic medium. As the endogenous is slowly exhausted, res- 
piration approaches zero, and the steady state of the respiratory 
enzymes approaches 100% oxidation (State 2). As shown on 
the left of Fig. 6, this process is first accompanied by a swelling 
of the mitochondria, and after partial exhaustion of endogenous 
substrate, a slow shrinking occurs as ADP accumulates pre- 
sumably from endogenous ATP and other nucleotides. 

The transition from State 1 to State 2 can be accelerated by 
increasing the rate of endogenous substrate disappearance. This 
may be accomplished by the addition of the phosphate acceptor, 
ADP, or an uncoupling agent, as both types of compounds ac- 
celerate respiration. The effect of ADP under these conditions 
is shown in the middle portion of Fig. 6. On addition of the 
mitochondria to the aerobic medium, a slow respiration of ap- 
proximately 0.05 wm Oz per second was initially found, cyto- 
chrome 6 was slowly changing to a more oxidized steady state, 


and the mitochondria were in the slow phase of swelling. Addi- — 


tion of 100 um ADP causes a rapid transition to State 2; the 
events which accompany this are: endogenous substrate respira- 
tion disappears, cytochrome 6 is rapidly oxidized, and a shrink- 
ing occurs. The kinetics of the shrinking process are of interest. 
Two phases can be observed, an initial rapid phase, followed by 
a slower approach to completion. After this the mitochondria 
remain in the shrunken state (this is not shown in Fig. 6). The 
action of Dicoumarol, a typical uncoupling agent, shown at the 
right of Fig. 5, was similar to that of ADP under these condi- 
tions. The response of mitochondrial structure to uncoupling 
agents will be described more fully below. However, it should 
be mentioned that many other uncoupling agents when tested 
in appropriate concentrations give entirely similar findings as 
shown here for Dicoumarol. 

Metabolic State 5—The ADP level is high (Table I) since in 
the absence of respiration the direction of Equation 1 favors 
ATPase activity. Therefore, mitochondria are in a steady state 
of shrinkage. Exhaustion of oxygen may be considered anal- 


‘ogous to the situation where an inhibitor of electron transport 


is added and mitochondria shrink slowly. The situation is 


illustrated in Fig. 7 for the two possible cases. In the experi- 


ment on the left, liver mitochondria were allowed to exhaust 
their oxygen in State 4, whereas in the experiment on the right, 
anaerobiosis was a State 3 to 5 transition. In both experiments, 


3 In agreement with its effect on respiration, Amytal will reverse 
substrate-induced swelling only with pyridine nucleotide-linked 
substrates. Succinate-induced swelling was unaffected by Amy- 
tal. 
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Fig. 6. Swelling and shrinking changes accompanying States 1 
and 2 of rat liver mitochondria. 
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Fig. 7. Swelling-shrinking changes of rat liver mitochondria 
accompanying the exhaustion of O2 in States 3 and 4. 


4 


1 


the reaction mixture contained 6-hydroxybutyrate and ADP. 
The lefthand record shows a State 3 to 4 transition which is 
accompanied by reduction of cytochrome a + a; (18) and swell- 
ing. On anaerobiosis a shrinkage occurs. The steady state of 


_ shrinkage was reached in about 150 seconds. This result agrees 


with a recent report of Holton (28). When the mitochondria 
exhaust their oxygen in the presence of ADP, no change in light 
scattering occurred, as they were already in the steady state of 
shrinkage (Fig. 6, right). 

Quantitative Correlation of Metabolic and Structural Changes— 
A quantitative correlation of respiration, cytochrome }b, and 
structural changes with different substrates accompanying the 
transition between different states is given in Table II for rat 
heart mitochondria. The changes in respiration and percentage 
reduction of cytochrome 6 are in agreement with previous reports 
from this laboratory (13, 18). A high steady state of shrinkage 
is reached in State 2 and State 5 and this condition is a constant 
for the preparation. After swelling from State 2 to 4 a lower 
steady state of shrinkage is reached; the extent of this change 
is a characteristic of the substrate added. Extent of swelling 
in State 4 was greatest with succinate, and followed by a-keto- 
glutarate, 8-hydroxybutyrate, and glutamate in decreasing order. 
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TaBLeE II 
Respiration, steady state cytochrome b, and 540 my absorbance changes accompanying 
transition between metabolic states of rat heart mitochondria 
Respiration eee b 540 my Absorbance changes 
Substrate 
4 3 4 3 2 2———+4 4——> 3 5 
min. total min. total min. total min. total 
pm O2°/sec. | pm O2*/sec. % % 
Succinate 0.83 1.19 45 23 —0.024 —0.030 | +0.026 +0.027 | +0.018 +0.023 
8-Hydroxybutyrate 0.07 0.18 31 19 —0.012 —0.018 
Glutamate 0.07 0.31 28 16 —0.010 —0.010 | +0.008 +0.008 
a-Ketoglutaratet 0.13 0.84 25 13 —0.023 —0.023 | +0.017 +0.023 
Endogenous 0.01 +0.020 --0.027 
* umoles per liter. 
t ADP:O was 3.6. 
= 
$0.06- 
0.0088] / 
z 
0.02- \ 41Omp 
© t J 
~ 
ss 100uM ADP 100uM ADP 
8i 50 100 150 200 ac 
© mM SUCROSE CONCENTRATION uM ADP =S |+5mM + 30M Dicumarol 
Fic. 8. Correlation of the effect of sucrose and ADP on the s° Succinate 
optical density of rat heart mitochondrial suspension. < 4 
Cytochrome b 
The rate of swelling with these substrates roughly correlates with 0.0068 3 xidation? 


the total change. Quantitative differences in swelling with 
different substrates does not correlate well with percentage re- 
duction of cytochrome 6 in State 4. However, some correlation 
between rate of respiration and extent (and rate) of swelling 
appears to exist. Reversal of swelling by ADP is quantitatively 
related to extent of swelling and the rate of reversal also cor- 
relates with the rate of swelling. 

Calibration of Shrinking—Advantage was taken of the osmotic 
properties of heart mitochondria (Fig. 1) to calibrate the ADP- 
induced shrinking. Fig. 8 shows a plot of the optical density of 
mitochondrial suspensions titrated with increasing concentrations 
of sucrose and ADP. The experiments were carried out in 0.055 
M sucrose media containing tris(hydroxymethyl)aminomethane 
buffer (0.02 m at pH 7.5) and 5 mm a-ketoglutarate present. 
Inorganic phosphate was omitted from the system as respiration 
is greatly impaired in its absence. Thus, on titrating the mito- 
chondrial suspensions with small amounts of ADP, a measure- 
ment of the extent of shrinking was possible, since in the absence 
of inorganic phosphate coupled phosphorylation would not have 
rapidly converted small amounts of ADP to ATP. The results 
show that 13 mM sucrose was required to obtain the same optical 
density of size change as 100 um ADP. That is, a 130-fold 
higher concentration of sucrose. This experiment shows the 
absence of a simple osmotic effect of ADP. 

Correlation of these findings with direct determinations of 
mitochondrial volume indicate that ADP-induced shrinking re- 
sults in an 18% change in volume under these conditions.‘ 
_ Shrinking with ADP has been observed in sucrose media over a 


‘A detailed report of these investigations is in preparation. 
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Fic. 9. Effect of uncoupling agent and ADP on shrinking of 
rat liver mitochondria in State 4. | 


range of osmolarity from 0.05 to 0.88 m. At high osmolarity 
the decrease in volume was approximately 40%. 

Uncoupling Agents—Agents that uncouple oxidative phos- 
phorylation have been reported to inhibit swelling, promote 
swelling, or have no effect on swelling (29, 30). These com- 
pounds also interfere with the exchange reactions of oxidative 
phosphorylation and augment ATPase activity (31). It was of 
interest to examine the action of uncouplers on swelling and 
shrinking in the different metabolic states, since their action 
might provide information which would be useful for clarifying 
the relationship between swelling and shrinking and the reactions 
of oxidative phosphorylation. 

The data of Fig. 6 showed that the uncoupling agent, Dicouma- 
rol, accelerated shrinking during the State 1 to 2 transition. To 
test whether Dicoumarol would prevent shrinking which ac- 
companies the initiation of oxidative phosphorylation during 
the State 4 to 3 transition, the experiment shown in Fig. 9 was 
carried out with heart mitochondria. The transition between 
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State 3 to 4 is accompanied by the usual swelling changes. Addi- 
tion of Dicoumarol together with ADP caused an oxidation of 
cytochrome 6 and rapid shrinking, a direct relationship between 
active phosphorylation and shrinking is not warranted. Some 
additional data of the action of uncouplers in heart mitochon- 
dria are givenin Table III. The results show reversal of swelling 
in State 1 by salicylate, a relatively weak uncoupling agent in 
heart mitochondria (32). In State 4 with a-ketoglutarate as 
substrate, salicylate slows down swelling, but does not cause 
shrinking, as shown in Fig. 9, for Dicoumarol, or Experiment 4 
of Table III for ADP. However, low concentrations of Di- 
coumarol or pentachlorophenol readily cause shrinking in State 
4 (in the absence of ADP). Further increases in the concentra- 
tion of Dicoumarol or pentachlorophenol resulted in swelling. 
Thus the action of uncoupling agents on swelling and shrinking 
is concentration-dependent (30). 

The concentration of Dicoumarol and pentachlorophenol re- 
quired to cause swelling was examined in the metabolic states 
of liver mitochondria (Table IV). In States 1, 3, and 4, 5 um 
concentrations initiated swelling. The rate of swelling was 
greater in State 4 than in State 1 or 3. In State 2, 45 um Di- 
coumarol caused no swelling and 20 um pentachlorophenol caused 
only slow swelling. Thus the increasing order of susceptibility 
to swelling by uncouplers is State 2, 3, 4. This correlates with 
the decreasing ADP concentrations of these states. In support 
of this, in State 4 swelling caused by 5 um Dicoumarol was slowed 
after the addition of ATP. In the presence of substrate ATP 
is normally without effect on swelling (Experiment 4, Table ITI). 
The data of Table IV also show that the total swelling changes 
caused by uncouplers can be larger than the swelling and shrink- 
ing changes associated with States 3 and 4. 


DISCUSSION 


It is remarkable that isolated mitochondria can undergo re- 
versible changes in size during transitions between different 
states of metabolism. These processes appear interrelated inso- 
far as agents which influence the metabolic state of the mito- 
chondria have characteristic effects on size. A hypothesis is 
specifically advanced here that under conditions favorable for 
oxidative phosphorylation in isolated mitochondria both proc- 
esses can be regulated by the intramitochondrial ADP concen- 
tration. A summary of the metabolic and structural states of 
mitochondria are given in Tables I and V, respectively. The 
regulation of metabolic states of mitochondria by ADP as defined 
by Chance and Williams (18) and shown in Table I has been 
demonstrated in “tightly coupled” phosphorylating mitochon- 
dria isolated from a number of animal tissues. Although data 
are not presented here, heart mitochondria isolated from rabbit, 
rat, guinea pig, toad, and frog, as well as mitochondria of rat 
liver, kidney, and brain, and ascites tumor cells also show the 
structural states outlined in Table V. Therefore, it is apparent 
that the structural states also appear to occur universally in 
phosphorylating mitochondria. Metabolic states which increase 
the intramitochondrial ADP concentration favor shrinking. 
Thus addition of ADP itself, exhaustion of substrates, anaero- 
biosis, inhibition of electron transport, or addition of uncoupling 
agents (under appropriate conditions) cause shrinking, whereas 
in the absence of the aforementioned conditions and in the 
presence of oxidizable substrates, swelling ensues in a manner 
which appears directly related to the rate of electron transport 
(Table II). 


L. Packer 


TaBLeE III 
Effect of uncoupling agents on swelling and shrinking 
of rat heart mitochondria 


Absorbance Absorbance 
change change 
min. total 
State 1 
+0.25 mm ADP................ +0.020 
+1.25 mm salicylate.......... +0.005 
+0.25 mm ADP................ +0.018 
+1.25 mm salicylate......... +0.004 
State 4 
1. Succinate (5 mM).............. —0.012 —0.023 
+25 um Dicoumarol............ +0.028 +0.028 
+50 um Dicoumarol............ —0.009 > —0.020 
2. Succinate (5 mM).............. —0.008 —0.020 
+25 um pentachlorophenol.....| +0.016 +0.016 
+25 um pentachlorophenol..... — 0.006 
+25 um pentachlorophenol..... —0.009 > —0.023 
+0.75 mm salicylate.......... —0.006 
4. a-KG* (5 mM)................. —0.021 
ATP. ............... —0.021 
+0.25 mm ADP................ +0.031 


* a-Ketoglutarate. 


TaBLe IV 


Swelling and shrinking during metabolic states of rat liver 
mitochondria, and influence of uncoupling agents 


Absorbance Absorbance 
change change 
min total 

State 1 

Dicoumarol (5 wM)................ — 0.0026 > —0.0064 

Pentachlorophenol (5 um)........| —0.0014 >—0.0033 
State 2 (0.15 mm ADP) 

Dicoumarol (45 wM)............... 0.0000 

Pentachlorophenol (20 um).......| —0.0011 — 0.0026 
State 3 (0.15 mm ADP + 3.3 mM suc- 

cinate) 

Dicoumarol (5 wM)................ — 0.0024 > —0.0075 

Pentachlorophenol (5 yum)........| —0.0022 —0.0022 
State 4 (3.3 mm succinate) 

Dicoumarol (5 wM)................ —0.0071 >—0.0105 

Pentachlorophenol (5 uM)........| —0.0033 —0.0062 
State 4 (3.3 mm succinate + 0.5 mm ; 

ATP) 

Dicoumarol (5 wM)................ — 0.0060 — 0.0097 
State 4 

Succinate (5 mM). . —0.0013 —0.0031 

8-Hydroxybutyrate (5 ma) . — 0.0008 —0.0013 
State 3 (+0.15 mm ADP) 

Succinate (5 mM). +0.0123 +0.0024 

g-Hydroxybutyrate (5 wins). +0.0053 +0.0012 


When electron transport was occurring, ATP was ineffective 
in reversing swelling, in contrast to ADP. There have been 
several reports where special emphasis has been placed on the 
role of ATP (3, 5, 6, 8, 10, 33) and the other adenine nucleotides 
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TABLE V 
Structural changes accompanying different metabolic states of mitochondria 
State 
1 2 3 | 4 5 ee 
Initial structural state......... swollen shrunken shrunken swollen shrunken 
Effect of inhibitors of electron 
slow shrinking none none slow shrinking none 
Effect of ADP................. rapid shrinking none none rapid shrinking none 
Effect of uncoupling agents 7 
Low concentration........... rapid shrinking none none rapid shrinking none 
High concentration........... slow swelling none or __ slow | slow swelling rapid swelling slow swelling 
swelling 


(1, 7) in mitochondrial shrinking; therefore, some discussion on 
this point is warranted. In the absence of oxidizable substrates 
(State 1), the mono-, di-, and triphosphates of adenosine (but 
not of other nucleotides) all cause mitochondrial shrinking.® 
Shrinking reached the same extent with the three nucleotides, 
although the kinetics of shrinking showed ADP to initiate the 
more rapid response. The rate of the ATP-induced shrinking 
in heart mitochondria can be accelerated by the addition of mag- 
nesium ions. Added magnesium augments ATPase activity 
and changes the direction of Equation 1. Thus, one explanation 
for a more rapid shrinking in the presence of ATP and magnesium 
ions could be by increased ADP. In the presence of an oxidiz- 
able substrate, however, this effect of ATP would be retarded 
due to shifting Equation 1 to the right (see Table ITI). 

Thus, under conditions of “tightly coupled’’ oxidative phos- 
phorylation, AMP and ATP are ineffective, and only ADP causes 
reversal of substrate-induced swelling. High specificity for ADP 
shrinking is most clearly exhibited by freshly prepared respiring 
mitochondria in the presence of phosphate acceptors in short 
term experiments. This type of swelling-shrinking phenomenon 
should be distinguished from the type of swelling phenomenon 
involving extensive changes in mitochondrial structure brought 
about by aging (3, 4) or treatment with certain reagents as Ca*+ 
(8, 10), thyroxine (30, 33), and phosphate (34). Swelling of 
this type appears to be accompanied by loss of bound nucleo- 
tides and a decline of respiration and oxidative phosphorylation 
(35). If this latter type of swelling has not proceeded too far, it 
can be reversed by ATP plus a cation such as Mn++ or Mg*t. 
The process of swelling and its reversal in this system are slow, 
and also the magnitude of the optical changes is far greater 
than that reported in the present research. Binding of swelling 
agents such as Ca++ has been postulated (5) as an explanation 
for ATP revérsibility in aged systems because of the similar ac- 
tion of Versene to ATP. However, other explanations appear 
possible including mechanisms where the two types of swelling- 
shrinking phenomena have certain features in common. 

Swelling and shrinking of mitochondria are closely related to 
the functional integrity of the components of oxidative phos- 
phorylation (33, 35), in conformity with the view that mito- 
chondrial size is determined by the availability of high energy 
intermediates (14, 33, 35). Evidence for this view is: (a) the 
close correlation of swelling with a decline in oxidative phospho- 
rylation (3, 4, 8, 10, 11) and intramitochondrial adenine nucleo- 
tides (3, 4); (b) absence of substrate and adenine nucleotide-in- 
duced swelling and shrinking changes in mitochondria in which 


§ Spencer A. Ward and L. Packer, unpublished experiments. 


components essential for oxidative phosphorylation have become 
inactivated (3, 4, 8, 10, 35); (c) agents which affect the coupling 
of oxidation and phosphorylation inhibit swelling (1, 6, 7, 30) or 
cause shrinking (Fig. 9) at low concentrations but cause swelling 
at higher concentrations; (d) when ADP or ATP cause a reversal 
of swelling, they undoubtedly do so by interaction with an en- 
zyme which is part of, or associated with, those of oxidative 
phosphorylation. 

Because the intermediate steps of oxidative phosphorylation 
are unknown, interpretation of the mechanism of swelling and 
shrinking is limited to a consideration of current hypotheses. A 
general equation for oxidative phosphorylation can be written viz. 


ADP, P 


z 
Carrier =~ Carrier ~ z z+ ATP 


where x represents intermediates of the process which can exist 
in a high energy form (~z) as has been postulated elsewhere 
(18, 31). A high concentration of energy rich intermediates of z 
may be the “shrinkage intermediate”’ or supply energy for ancil- 
lary reactions which cause shrinking. Phosphate acceptors may 
activate the transfer of x from a high energy form of the respira- 
tory carriers formed through electron transport. In aged, or 
Cat++-, or thyroxine-treated mitochondria high energy intermedi- 
ates may be hydrolyzed or lost from mitochondria and ATP may 
act by a reversal of the terminal reactions of oxidative phospho- 
rylation to enhance the accumulation of intermediates. Sub- 
strates initiate electron transport which leads to carrier inter- 
mediate formation. Carrier ~z may compete with the other 
energy-linked intermediates of x to lower their concentration, 
thus causing a change in the steady state of shrinkage or swell- 
ing. Low concentration of uncoupling agents may increase in- 
termediates through ATPase activity and through effects on 
phosphate exchange reactions (31) and these favor shrinking. 
High concentrations of uncouplers which cause swelling may do so 
through hydrolysis of high energy intermediates which are ac- 
companied by inhibition of exchange reactions and respiratory 
control in mitochondria. Since the reactants (substrate, oxy- 
gen, ADP, and phosphate) and product (ATP) of respiratory 
chain phosphorylation all have an effect on mitochondrial struc- 
ture, it appears that these metabolites affect intermediate(s) of 
the process which, in turn, affect the steady state of shrinkage. 

Since a rather specific relationship exists between metabolic 
and structural states of mitochondria, it would seem reasonable 
that this relationship may be a determinant of the pleomorphic 
states of mitochondria. It is difficult to visualize the ability in 
vivo of mitochondria to multiply, divide, disappear, migrate, and 
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change morphology under host environmental influences (36, 37) 
and yet not be intimately associated with active metabolic proc- 
esses which control structural change on a molecular level. 

The present investigation suggests that one way in which 
mitochondria may be envisaged to exert a control of metabolic 
reactions in cells is by reversible changes in size. The transport 
of metabolites between extra- and intramitochondrial systems 
will be regulated by chemical and physical changes in mitochon- 
drial membranes accompanying changes in mitochondrial volume 
and surface. Evidence in vivo favoring this viewpoint for the 
mitochondria of the ascites tumor cell has been recently re- 
ported (38). 

SUMMARY 


By simultaneously monitoring respiration, the steady state of 
the cytochrome system and light scattering, it has been found 
that swelling and shrinking accompany the transition between 
the metabolic states of isolated “tightly coupled” phosphorylat- 
ing mitochondria. A characteristic structural state accompanies 
the metabolic states of mitochondria isolated from many tissues 
and species, and therefore this phenomenon is widely distributed 
in nature. 

The findings support the hypothesis that regulation of both 
metabolic and structural changes can be controlled by the level 
of intramitochondrial adenosine diphosphate (14). 
of the hypothesis it has been found that conditions which in- 
crease mitochondrial adenosine diphosphate such as the addition 
of the nucleotide itself, exhaustion of oxidizable substrate, ana- 
erobiosis, inhibition of electron transport, and the presence of 
uncoupling agents under appropriate conditions, cause mito- 
chondria to shrink. Conversely, the absence of the above con- 
ditions and the presence of oxidizable substrate under aerobic 
conditions cause swelling. 

Swelling and shrinking are closely related to the functional 
integrity of the components of oxidative phosphorylation. The 
evidence favors the view that the steady state of shrinkage or 
swelling is determined by the availability of high energy inter- 
mediates. By taking advantage of the osmotic properties of 
mitochondria, adenosine diphosphate-induced shrinking was cali- 
brated and found to result in volume decreases in excess of 18%. 
The findings are discussed with regard to the relationship of these 
structural changes to the properties in vivo of mitochondria. 
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Studies from this laboratory have shown that certain hydro- 
carbons such as 3-methylcholanthrene can induce the synthesis 
in rat liver of reduced triphosphopyridine nucleotide-dependent 
oxidases which metabolize 3,4-benzpyrene and the hepatocar- 
cinogenic aminoazo dyes to noncarcinogenic derivatives (1, 2). 
Presumably as a consequence of this property methylcholan- 
threne, when fed simultaneously with 3’-methyl-4-dimethyla- 
minoazobenzene, greatly inhibits the induction of liver tumors 
by the dye (3-5). Since the induction of tumors in various 
tissues of the rat by 2-acetylaminofluorene is also greatly in- 
hibited by the simultaneous administration of methylcholan- 
threne (5, 6), the ability of this hydrocarbon to induce the syn- 
thesis of the hepatic enzymes involved in the metabolism 
of 2-acetylaminofluorene has been investigated. From the ex- 
tensive work of the Weisburgers and Morris (7-11) it is known 
that 2-acetylaminofluorene in vivo is hydroxylated at positions 
1, 3, 5, 6, 7, and 8 by the rat. When rat liver homogenates or 
microsomes were incubated with 2-acetylaminofluorene, only the 
7-hydroxy derivative was detected (12-14) although Seal and 
Gutmann (12) found the 1-, 3-, 5-, and 7-hydroxy derivatives 
after the incubation of hamster liver microsomes with 2-acetyl- 
aminofluorene. 

This report is concerned with the metabolism of acetylamino- 
fluorene and its derivatives by liver homogenates and microsomes 
from normal and methylcholanthrene-pretreated rats and from 
other animals. Of particular interest is the 5- to 10-fold in- 
crease in the capacity of liver preparations from young rats to 
hydroxylate acetylaminofluorene at the 1, 3, 5, and 7 positions 
when the animals were given injections of 1 mg of methylcholan- 
threne 24 hours before assay. A preliminary report of this work 
has been presented (15). 


METHODS 


Except where otherwise noted, the experimental animals were 
young male albino rats' obtained at 15 to 16 days of age and fed 
a semisynthetic diet (16) containing 22% of crude casein and 


* Supported by Grant C355 of the National Cancer Institute, 
United States Public Health Service, a grant from the Jane Coffin 
Childs Memorial Fund for Medical Research, and the Alexander 
and Margaret Stewart Trust Fund. We are grateful to Mrs. 
Joanne Pieringer for excellent technical assistance. 

1 Present address, Department of Pharmacology, Yale Uni- 
versity Medical School, New Haven, Connecticut. 

1 Holtzman Rat Company, Madison, Wisconsin. 


high levels of vitamins for approximately 1 week before use. For 
a few experiments adult male rats as well as young or adult male 
mice,' guinea pigs,? hamsters,? or cotton rats‘ were used; these 
animals were fed a grain diet (17), which in the case of the guinea 
pigs was supplemented with 0.75 g of ascorbic acid per kg. 

The young rats weighed 50 to 60 g when used; in most cases 
1 mg of methylcholanthrene in 0.25 ml of corn oil was injected 
intraperitoneally 24 hours before assay of the liver. The adult 
rats and the other animals received 1 mg of methylcholanthrene 
in 0.25 ml of corn oil per 50 g of body weight. Control animals 
received equivalent injections of corn oil. When used, pt-ethio- 
nine (0.3 mmole) and pi-methionine (0.3 mmole) were adminis- 
tered by intraperitoneal injection in 2 ml of 0.9% sodium chloride 
solution; the controls were given injections of the sodium chloride 
solution alone. 

The animals were stunned by a blow on the head and bled 
from the carotid arteries; the liveys were then removed and 10% 
homogenates were made in ice-cold 0.25 M sucrose solution. For 
some of the experiments the homogenates were fractionated by 
differential centrifugation according to the method of Schneider 
(18), except that the microsomes were obtained by centrifugation 
at 105,000 < g for 1 hour. The nuclei were washed three times 
and the mitochondria once with 3 ml of sucrose solution per g of 
liver. The surface of the microsomal pellet was washed once 
with sucrose solution before it was resuspended. For assay, 
30 mg of tissue or the designated fractions from 30 mg of liver 
were added to chilled 50-ml glass-stoppered volumetric flasks 
containing in a final volume of 3 ml: 0.24 umole of TPN® (200 
ug), 0.27 umole of DPN® (200 ug), 2 umoles of ATP, 6 umoles of 
glucose 6-phosphate, 50 uwmoles of KH2PO.-K:HPO, buffer at 
pH 7.8, 120 uwmoles of nicotinamide, and 200 umoles of KCl. 
Acetylaminofluorene (0.224 umole, 50 ug) or other related sub- 
strates were added last in 0.1 ml of methanol. DPNH® and 
TPNHS® (500 ug of each per flask) were substituted for DPN 
and TPN in the experiments with microsomes. The gas phase 
was air, and the flasks were incubated at 37° at a shaking speed 
of 65 to 75 cycles per minute with an excursion of 1.5¢em. For 
anaerobic experiments the gas phase was nitrogen. 

For the determination of total hydroxylation the enzyme ac- 


2 Zeimet Bio-Farms, Madison, Wisconsin. 

3 Lemberger’s, Oshkosh, Wisconsin. 

‘ Kindly supplied by Dr. F. Taketa of the Department of Bio- 
chemistry of this University. 

‘ Sigma Chemical Company, 90 to 95% preparations. 
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tivity was terminated by the addition of 1 ml of 38% KOH. 
Ten minutes later* the neutral and basic compounds were ex- 
tracted into 20 ml of a 1:1 mixture of diethyl ether and petroleum 
ether’ (Skellysolve B, b.p., 66-68°) by vigorous shaking for 1 
minute, and the optical density of the organic phase, which 
contained acetylaminofluorene and aminofluorene, was deter- 
mined at 288 my in a Beckman model DU spectrophotometer. 
The difference between the optical densities of the extracts from 
the incubated flasks and those from similar flasks treated with 
KOH at zero time represented the amount of acetylaminofluorene 
converted to acidic and water-soluble compounds. Acetylamino- 
fluorene and aminofluorene both have absorption maxima at 288 
mu, and their molar extinction coefficients are 28,650 and 23,000, 
respectively, in this solvent mixture. This difference in extinc- 
tion coefficients generally had little effect on the calculated hy- 
droxylation activities since relatively little aminofluorene was 
formed under our conditions; at the most, the calculated values 
are no more than 1 to 2 wg greater than the actual levels. 1-, 
3-, 5-, and 7-Hydroxy-2-acetylaminofluorene® were not extracted 
from the KOH solution into the organic phase. 

For the determination and identification of the metabolites 
the enzymic activity was stopped by immediately chilling the 
flasks in ice water and adding 4 ml of ice-cold sodium acetate 
buffer (1m, pH 6). The medium was then extracted immediately 
with 20 ml of ethyl ether, and the free amines were extracted 
from the ether into 0.5 N HCl. The ether was washed with 5 
ml of water and evaporated under a nitrogen stream at 37° ina 
pear-shaped flask. The residue was dissolved in 200 ul of meth- 
anol and 100 ul of methanol were used to wash out the flask. 
The solution was applied to a7 X 380 mm strip of Whatman No. 
1 paper and the compounds were resolved by ascending chroma- 
tography in a system consisting of cyclohexane, tert-butanol, 
acetic acid, and water (16:4:2:1) according to the method of 
Weisburger et al. (10). The zones of the phenolic derivatives 
were detected by spraying the chromatograms with Folin-Cio- 
calteu reagent (1 part of Fisher Scientific Company reagent to 
3 parts of water) and 20% sodium carbonate or with diazotized 
7-nitro-2-aminofluorene® and 20% sodium carbonate (10). For 
estimation of the metabolites the appropriate zones from un- 
stained strips were cut out and eluted overnight at room tempera- 
ture into 3 ml of 95% ethanol. The ultraviolet spectra of the 
solutions were determined with a Beckman model DK-1 recording 
spectrophotometer; the purities and concentrations of the me- 
tabolites were determined by comparisons of the spectra with 
those of the known compounds. The observed values for the 
various metabolites were corrected by the recoveries of the 
authentic compounds under identical conditions (Table I) 

In a few experiments 4 ml of sodium acetate buffer (1 m, pH 6), 
5 mg each of Taka-Diastase (Parke, Davis) and 6-glucuronidase 
(Sigma), and 0.2 ml of chloroform (19) were added per flask at 


6 Acetylaminofluorene was stable in this KOH solution for at 
least 1 hour. 

7 The petroleum ether was purified by repeated extractions with 
concentrated sulfuric acid, washed several times with water, and 
then distilled from anall glassapparatus. Mallinckrodt anhydrous 
ethyl ether (analytical reagent) could be used without purification. 
Some samples of ethyl ether from other companies contained 
acidic material which absorbed light at 288 mu and was eliminated 
by distillation. 

8 We are indebted to Drs. John and Elizabeth Weisburger, Na- 
tional Cancer Institute, for generous gifts of these compounds. 

® Generously supplied by Dr. T. Lloyd Fletcher, University of 
Washington, Seattle, Washington. 


TABLE I 
Metabolites of 2-acetylaminofluorene formed by rat liver homogenates 


Metabolite from 50 ug of 
2-acetylaminofluorene® 
(calculated as 2-acetyl- 
aminofluorene) 
Metabolite Rr* 
U 
ntreated pr 
young rat treated 
young raté 
X 100 % Mg ug 
Unknown 1............. 76-79 not detected | trace 
1-Hydroxy-2-acetyl- 
aminofluorene........ 65-71 | 95-100 | not detected! ~0.5 
3-Hydroxy-2-acetyl- 
aminofluorene........ 53-62 | 60-65 ~1.0 9 
Unknown 2............. 32-40 not detected | trace 
5-Hydroxy-2-acetyl- 
aminofluorene........ 18-29 | 95-100 .7 8 
7-Hydroxy-2-acety]- 
aminofluorene........ 8-16 | 65-70 ~%0.9 10 
Protein-bound.......... ~0.03 ~0.4 
2-Aminofluorene........ 5 4 
2-Acetylaminofluorene 
recovered............ 42 16 
Recovery............... 50 48 


* Rr’s were measured from the front to the back of each spot. 

’ Ten micrograms of each of the authentic compounds were 
pooled and recovered under the same conditions used for isolation 
of the metabolites. 

¢ Incubated with 30 mg of liver for 20 minutes. The values for 
the hydroxy metabolites have been corrected with the appropriate 


_ recovery data. 


4 One milligram of methylcholanthrene was injected intraperi- 
toneally 24 hours before assay. 


the end of the usual incubation period. The flasks were in- 
cubated overnight at 37° to permit hydrolysis of any conjugated 
phenolic metabolites and were then extracted with 20 ml of 
ethyl ether preparatory to the determination of the various 
phenols as described above. 

The formation of glucuronides was studied by incubating for 
30 minutes at 37°, 50 umoles of KH:PO.-K:HPO, buffer at pH 
7.4, 0.27 wmole of DPN, 1 umole of UDP-glucose, 50 umoles of 
MgCl, 1 umole of ascorbic acid, 15 wg each of 1-, 3-, 5-, and 7- 
hydroxy-2-acetylaminofluorene or 30 wg each of 5 and 7- 
hydroxy-2-acetylaminofluorene in 0.1 ml of methanol, and the 
microsomes plus supernatant from 500 mg of rat liver in a final 
volume of 3.1 ml. In one experiment the buffer, UDP-glucose, 
DPN, and MgCl: were incubated for 30 minutes with the super- 
natant from 100 mg of adult guinea pig liver before addition of 
the substrates, ascorbic acid, and microsomes from 500 mg of 
rat liver; the mixture was then incubated at 37° for 30 minutes. 
The incubation mixture was heated to 100° for 3 minutes, cooled 
rapidly, and extracted four times with 15 ml of ethyl ether. 
Glucuronide formation was estimated as the difference in the 
optical densities of the ether extracts from the unincubated and 
incubated flasks. In some cases the glucuronides remaining in 
the aqueous medium were hydrolyzed with 8-glucuronidase and 
the liberated phenols were extracted with ethyl ether and esti- 
mated spectrophotometrically. 

For the determination of deacylase activity the incubation 
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Fic. 1. The metabolism of 2-acetylaminofluorene by liver ho- 
mogenates from young rats at various times after the intraperi- 
toneal injection of 1 mg of methylcholanthrene. Thirty milli- 
grams of liver were incubated with 50 ug of 2-acetylaminofluorene 
for 20 minutes. Each point is the average of the activities of at 
least two rats; the range of the values is indicated by the vertical 
line through each point. 


medium contained only the phosphate buffer, pH 7.8, ho- 
mogenate, and substrate (50 wg of acetylaminofluorene); this 
system permitted little or no hydroxylation. Termination of 
the enzymic activity and extraction of the neutral and basic 
compounds were carried out as described for the hydroxylation 
assay. The basic and neutral compounds were then separated 
by extraction of the organic phase with 5 ml of 0.5 n HCl, neu- 
tralization of the acid with 0.5 n NaOH, and extraction of the 
basic compounds into 20 ml of 1:1 ether-petroleum ether. The 
acetylaminofluorene and aminofluorene were then determined in 
the first and second ether extracts, respectively, by their absorp- 
tion at 288 mu. 

9-C'4-2-Acetylaminofluorene” was the substrate in the studies 
on the formation of protein-bound metabolites. After the incu- 
bation the proteins were precipitated with 6 ml of acetone, washed 
by centrifugation and two resuspensions in portions of 4 ml of 
sodium acetate buffer (1 m, pH 5), and washed four times with 
portions of 3 to 4 ml of ethanol at 70°. The pellet was dried in 
a vacuum over sulfuric acid, moistened with 0.1 ml of ethanol, 
dissolved in 3 ml of 88% formic acid at 60°, and spread on alu- 
minum planchets. The plates were dried under heat lamps 
and counted in a gas flow end window Geiger counter. 


RESULTS 


Stimulation of Hydrozylation of Acetylaminofluorene by Methyl- 
cholanthrene—Intraperitoneal injection of 1 mg of methylcholan- 
threne into young rats greatly increased the ability of homog- 
enates of their livers to hydroxylate acetylaminofluorene (Fig. 
1). A 3- to 4fold increase was evident at 6 hours, and 10- to 
12-fold increases were found at 24 to 48 hours. High activity 
was maintained for 5 to 6 days, after which it declined rapidly. 
Twenty-four hours after the injection of 0.1 or 0.5 mg of methyl- 
cholanthrene into young rats the hydroxylation activities of the 
livers were approximately 60 and 85% of the levels observed 
after the injection of 1 mg; 2 or 3 mg of methylcholanthrene were 
no more effective than 1 mg. The same response to the adminis- 
tration of methylcholanthrene was obtained with young rats fed 
either the semisynthetic diet or the grain diet which was fed to 


10 Generously supplied by Dr. C. Heidelberger of this depart- 
ment. 
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the other animals. The ability of the liver to respond to methyl- 
cholanthrene decreased with the age of the rat. Twenty-four 
hours after the injection of 1 mg of methylcholanthrene per 50 
g of body weight, the livers of 44-day-old rats (180 g) had 90% 
and those of 3-month-old rats (300 g) only 35% as much hy- 
droxylation activity as the livers of young rats given injections 
of methylcholanthrene. The hydroxylation activity of the livers 
of normal] adult rats was about 40% greater than that of the 
livers from untreated young rats. 

When various tissues from methylcholanthrene-treated young 
rats were examined for hydroxylation activity, kidney homog- 
enates were found to have about 10% as much activity as liver 
homogenates; spleen, heart, lung, testis, and skeletal muscle ho- 
mogenates were essentially inactive. Kidney homogenates from 
untreated rats did not have detectable activity. 

Certain other hydrocarbons also caused increases in the hepatic 
hydroxylation activity. When assayed by the intraperitoneal 
injection of 1 mg into young rats, 4’-methyl-1 ,2-benzanthracene, 
1,2,5,6-dibenzanthracene, 3 ,4-benzpyrene, and 3-methylcholan- 
threne had similar activities. 9,10-Dimethy]-1 ,2-benzanthra- 
cene and 1,2-benzanthracene were approximately two-thirds as 
active and 2-methylbenzo(c)phenanthrene was about one-fourth 
as active as methylcholanthrene. This order parallels the ac- 
tivities of these compounds in inducing the synthesis of the 
benzpyrene hydroxylase (1) and azo dye demethylase (2) systems. 
The intraperitoneal injection of 1 mg of acetylaminofluorene had 
no effect on the hepatic hydroxylation activity of young rats 
killed 24 hours later. However, a 50% increase in activity was 
observed when 0.03% of acetylaminofluorene was fed in the 
semisynthetic diet for 1 week to young rats. 

The increased hepatic hydroxylation activity after the injec- 
tion of methylcholanthrene appeared to result from the produc- 
tion of new enzyme rather than from changes in the concentra- 
tions of activators or inhibitors. Thus, the addition of an equal 
amount of heat-inactivated (100°, 3 minutes) liver homogenate 
from control or methylcholanthrene-treated rats had no effect on 
the activity of fresh liver homogenate from either type of rat. 
When equal amounts of liver homogenates from control and 
methylcholanthrene-treated rats were combined, the activity of 
the mixture was about 85% that of the sum of the individual 
activities. 

Ethionine administered by intraperitoneal injection one-half 
hour before the injection of methylcholanthrene appeared to 
block the increased production of enzyme, but it did not alter 
the activity of the livers of rats not receiving methylcholanthrene 
(Fig. 2). When molar equivalents of methionine and ethionine 
were given together, the effect of the amino acid antagonist was 
completely prevented. Methionine alone was without effect. 
The response shown in Fig. 2 was obtained only when the animals 
were fasted from the time of the injection of ethionine until they 
were killed for assay. When food was given ad libitum, the 
response to this level of ethionine was greatly reduced. 

Requirements for Hydroxylation and Intracellular Distribution 
of Activty—With liver homogenates from either untreated or 
methylcholanthrene-treated rats TPN was the crucial require- 
ment for the hydroxylation of acetylaminofluorene. TPN could 


not be replaced by DPN, but a mixture of the two pyridine 
nucleotides usually gave somewhat higher activity than TPN 
Omission of ATP decreased the amount of hydroxylation 
The pH optimum of the system 
With Tris 


alone. 
by homogenates by 5 to 10%. 
was 7.8 with either a phosphate or a Tris buffer. 
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buffer, however, the activity was about 10% lower than with the 


100%. 


_ phosphate buffer, and this depression in activity was only par- 
- tially prevented by the addition of 20 umoles of phosphate per 


flask. At pH 7.8 the activity was similar with either sodium 
pyrophosphate or orthophosphate buffer. The reaction pro- 
ceeded linearly for 20 minutes with up to 30 mg of liver from 
methylcholanthrene-treated rats per flask; with longer times the 
rate gradually diminished. With the less active homogenates 
from untreated rats, the reaction was approximately linear for 
60 minutes with 50 mg of liver per flask. 

The major share of the hydroxylation activity was associated 
with the microsome fraction of liver, which required either a 
TPNH-generating system (supernatant fraction) or TPNH. 
DPNH was far less effective than TPNH in supporting the ac- 
tivity, while the combination of DPNH and TPNH was more 
effective than TPNH alone. No hydroxylation occurred under 
anaerobic conditions. These observations on the intracellular 
distribution and cofactor requirements are in general agreement 
with those reported by Seal and Gutmann (12) for the hydroxyla- 
tion of acetylaminofluorene by adult rat liver. 

As with the hepatic demethylase system (20) preincubation of 
liver homogenates or microsomes at 37° before the addition of 
the substrate invariably caused some reduction in hydroxylation 
activity. These losses of up to 30% of the original activity were 
generally greatest when all of the cofactors were included in the 
preincubation mixture. They could not be reversed by the addi- 
tion of fresh cofactors with the substrate. This inactivation at 
37° is probably responsible for the nonlinearity of the reaction 
after the first 20 minutes. 

Effects of Various Enzyme Inhibitors on Hydroxylation of Acetyl- 
aminofluorene—For testing the effects of various compounds on 
the hydroxylation system, the microsomes from 30 mg of liver 
from methylcholanthrene-treated rats, 500 ug each of DPNH 
and TPNH, and the other components of the medium were in- 
cubated for 20 minutes. p-Chloromercuribenzoate (10-4 m) and 
N-ethylmaleimide (10-* m) each inhibited the system by 80 to 
Diethylaminoethylphenylpropyl acetate hydrochloride 
(SKF 525-A, 10-* m) reduced the activity by 25 to 30%, whereas 
o-phenanthroline, ascorbic acid, ethylenediaminetetracetate, 
ferric sulfate, ferrous sulfate, cysteine, sodium azide, and potas- 
sium cyanide (each at 10-* m) and ethanol (0.28 m) each inhibited 
by less than 15%. These effects were similar to those observed 
by Conney et al. (1) for benzpyrene hydroxylase assayed with 
liver microsomes from hydrocarbon-treated rats and by Seal and 
Gutmann (12) for hydroxylation of acetylaminofluorene by liver 
microsomes and supernatant from untreated adult rats. 

Preincubation of microsomes with 100 wg of crystalline trypsin 
(Worthington) for 30 minutes at 37° at pH 7.8 destroyed 80 to 
90% of the activity; incubation with 4 mg of crystalline ribo- 
nuclease (Worthington) had no effect. The addition of 10 ug 
each of 1-, 3-, 5-, and 7-hydroxy-2-acetylaminofluorene (the 
known metabolites) per flask had no effect on the activity of 
liver homogenates from methylcholanthrene-treated rats. 

Contrary to the results of Seal and Gutmann (12) fluoride was 
not required for maximum hydroxylation of acetylaminofluorene 
in our system. Thus, although Seal and Gutmann found that 
0.1 m fluoride stimulated hydroxylation by hepatic microsomes 
from normal adult rats, inhibitions of 15 to 30% were consistently 
observed in our studies with the same level of fluoride. These 


inhibitions were found whether the livers were obtained from 
normal or methylcholanthrene-treated young or adult rats and 
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Fig. 2. The prevention by ethionine of the increase in the hy- 
droxylation of 2-acetylaminofluorene after an intraperitoneal in- 
jection of 1 mg of methylcholanthrene. The p.i-ethionine (0.3 
mmole) and pi-methionine (0.3 mmole) were injected intraperi- 
toneally in 0.9% sodium chloride solution 0.5 hour before the in- 
jection of methylcholanthrene. Thirty milligrams of liver and 
50 ug of 2-acetylaminofluorene were used per flask; the incubation 
time was 20 minutes. There were two to three rats per group. 


whether the livers were assayed as homogenates, microsomes, or 
microsomes plus the supernatant fraction. The reason for this 
discrepancy is not apparent. 

Methanol, the solvent in which the acetylaminofluorene was 
routinely added, had no effect on the hydroxylation system. 
Thus, acetylaminofluorene added as a dry powder in the absence 
of methanol was metabolized at the same rate by liver homog- 
enates as acetylaminofluorene added in 0.1 ml of methanol. 
The addition of as much as 0.5 ml of methanol per flask did not 
inhibit the reaction. 

Identification and Estimation of Metabolites—Liver homoge- 
nates from methylcholanthrene-treated rats not only formed 5 to 
10 times as much of each of the 3-, 5-, and 7-hydroxy derivatives 
of acetylaminofluorene as homogenates from normal rats, but 
they also yielded the 1-hydroxy derivative which was not detected 
after incubation of acetylaminofluorene with normal liver ho- 
mogenates (Table I). All of the metabolites formed by the 
homogenates were also made by liver microsomes when they 
were fortified with the reduced coenzymes. The amounts of the 
3-, 5-, and 7-hydroxy derivatives were estimated from the spectra 
of the compounds after elution from paper chromatograms. 
1-Hydroxy-2-acetylaminofluorene, however, was estimated on 
the chromatograms by a comparison of the color intensities of 
the metabolite spot after treatment with phenol reagent or with 
diazotized 7-nitro-2-aminofluorene and the spots obtained when 
0.5 to 1 ug of authentic compound was chromatographed under 
the same conditions. The spectrum of the material eluted from 
the chromatograms was of little value because of the low con- 
centration of 1-hydroxy-2-acetylaminofluorene and because the 
eluate was always contaminated with acetylaminofluorene 
which moved only slightly faster than the 1-hydroxy derivative 
on these chromatograms. Traces of two unidentified metabolites 
were observed on the chromatograms after incubation of acetyl- 
aminofluorene with liver homogenates from methylcholanthrene- 
treated rats. These compounds reacted with the Folin-Ciocalteu 
reagent and were thus probably phenolic. One compound moved 
just above 5-hydroxy-2-acetylaminofluorene and the other just 
above 1-hydroxy-2-acetylaminofluorene on the chromatograms 
(Table I). 
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Apparently the hydroxy derivatives were not conjugated either 
by the homogenate or by the microsome system used for the 
hydroxylation of acetylaminofluorene. Thus, treatment of the 
incubation mixtures with Taka-Diastase and 6-glucuronidase did 
not increase the yield of phenolic metabolites, whether the liver 
preparations were from normal or methylcholanthrene-treated 
young rats. On the other hand, incubation of a mixture of 1-, 
3-, 5-, and 7-hydroxy-2-acetylaminofluorene (15 ug of each) with 
liver microsome and supernatant fractions fortified with UDP- 
glucose resulted in a low level of glucuronide formation; approxi- 
mately twice as much conjugation occurred with the livers from 
methylcholanthrene-treated rats (32%) as with those from con- 
trol rats (19%). Inthe same experiment the amounts of phenolic 
material released by glucuronidase treatment of the ether-ex- 
tracted medium corresponded to 28 and 7% of the substrate, 
respectively. Similar results were obtained in an experiment in 
which the supernatant fraction from adult guinea pig liver was 
incubated with UDP-glucose and DPN to form UDP-glucuronic 
acid before the addition of rat liver microsomes and the 5- and 
7-hydroxy-2-acetylaminofluorene. No attempt was made to 
ascertain whether one or both of the substrates were conjugated. 

Under our conditions 5 to 10% of the acetylaminofluorene 
incubated with liver homogenates in the hydroxylation medium 
was deacetylated in 20 minutes, whether the livers were from 
normal or methylcholanthrene-treated rats (Table I). The 
formation of aminofluorene could be reduced by at least one-half 
by the addition of 0.1 m KF, as previously reported by Seal and 
Gutmann (12). 

Some acetylaminofluorene was also metabolized to protein- 
bound derivative(s) by liver homogenates. Under these condi- 
tions as well as under those of Gutmann et al. (14, 21, 22), the 
formation of protein-bound derivatives seems to be correlated 
with the ability of the system to hydroxylate acetylaminofluo- 
rene. Thus, approximately 10 times as much of the protein- 
bound metabolite was formed by liver homogenates from methyl- 
cholanthrene-treated as compared to normal young rats (Table 


TAaBLeE II 


Stimulation of hydroxylation of 2-acetylaminofluorene by liver 
homogenates from different species after treatment with 
methylcholanthrene in vivo 


2-Acetylaminofluorene converted 
to phenolic metabolites Methylcholan- 
Untreated | Methyicholan. 
Young | Adult | Young | Adult | Young Adult 
ug ug us 
Rat Rte. 3 4 30 8 10 2.0 
oes 8 10 14 18 1.8 1.8 
Guinea pig.........} 12 8 20 15 1.7 1.9 
Cotton rat...........] 13 9 18 18 1.4 2.0 
16 17 24 24 1.5 1.4 


@ The young rats, mice, guinea pigs, cotton rats, and hamsters 
weighed approximately 60, 10, 120, 50, and 60 g, respectively; the 
adult animals, in the same order, weighed approximately 300, 30, 
500, 140, and 100 g. | 

> Fifty micrograms of 2-acetylaminofluorene incubated with 30 
mg liver for 20 minutes. 

¢ One milligram of methylcholanthrene per 50 g of body weight 
injected intraperitoneally 24 hours before assay. 
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I). In another experiment 50 ug of 9-C'4-2-acetylaminofluorene 
(230,000 c.p.m.) were incubated for 20 minutes with 30 mg of 
liver homogenate from methylcholanthrene-treated rats in the 
usual hydroxylation medium, in the medium without added co- 
factors, and in the medium without cofactors but containing 0.1 
mM KF. The relative amounts of acetylaminofluorene me- 
tabolized to phenolic derivatives under these conditions were, 
respectively, 35.6, 2.2, and 0.5 wg. The specific activities of the 
ethanol-washed proteins from each of these incubations were, 
respectively, 460, 21, and 10 c.p.m. per mg. Proteins precipi- 
tated at zero time carried 3 c.p.m. per mg. 

Hydrozylation of Derwatives of Acetylaminofluorene—Substitu- 
tion of one of the positions of acetylaminofluorene which is 
normally metabolized did not greatly alter the over-all extent of 
hydroxylation. Thus, when 0.224 umole each of acetylamino- 
fluorene or of its 1-, 3-, 5-, or 7-fluoro derivatives? was incubated 
with liver homogenate from methylcholanthrene-treated young 
rats 62, 46, 48, 54, and 46% of the respective substrates was 
converted to phenolic metabolites. The presence of a number 
of hydroxy metabolites was shown by chromatography in each 
case. As already reported by Seal and Gutmann (12) the hy- 
droxylation of aminofluorene occurred to a much smaller extent 
than that of acetylaminofluorene; in our experiments liver homog- 
enates from methylcholanthrene-treated young rats hydroxyl- 
ated only 10 to 15% as much aminofluorene as acetylaminofluo- 
rene. 2-Formylaminofluorene was hydroxylated to essentially 
the same degree and at the same positions as acetylaminofluorene, 

Effect of Methylcholanthrene on Hepatic Hydroxylation Activities 
of Various Spectes—A comparison of the abilities of the livers 
from various species to convert acetylaminofluorene to phenolic 
metabolites showed that the livers from both normal young and 
adult rats were less active than the livers of mice, hamsters, 
cotton rats, or guinea pigs of comparable ages (Table II). The 
hamster livers were the most active (12). Administration of 
methylcholanthrene intraperitoneally 24 hours before the assay 
increased the hydroxylating activities of both young and adult 
animals of all species. These increases ranged from 30 to 100%, 
except for the much larger increases (5- to 10-fold) observed with 
young rats. 

Guinea pigs excrete practically all of an oral dose of acetyl- 
aminofluorene as the 7-hydroxy derivative (9, 23). When 0.224 
umole of either acetylaminofluorene or its 7-fluoro derivative was 
incubated for 20 minutes with liver homogenates (30 mg of liver 
per flask) from normal or methylcholanthrene-treated young 
guinea pigs, 29 and 17% of the acetylaminofluorene and 7-fluoro- 
2-acetylaminofluorene were converted to phenolic metabolites by 
normal liver and 42 and 23% by the livers from the methylchol- 
anthrene-treated guinea pigs. These results are in contrast to 
the report of Seal and Gutmann (12) that guinea pig liver micro- 
somes do not hydroxylate 7-fluoro-2-acetylaminofluorene. Paper 
chromatography of the metabolites formed from acetylamino- 
fluorene by the guinea pig liver homogenates showed the presence 
of small amounts of 5-hydroxy-2-acetylaminofluorene in addition 
to much larger quantities of 7-hydroxy-2-acetylaminofluorene. 
Similar chromatography of the metabolites of 7-fluoro-2-acetyl- 
aminofluorene revealed one major phenolic area with an Rp 
range of 11 to 27. This may be either the 5- or 8-hydroxy deriva- 
tive, since guinea pigs hydroxylate acetylaminofluorene at these 
positions (23) and these compounds have similar R,’s to the 
metabolite of 7-fluoro-2-acetylaminofluorene. However, in the 
amounts present on the chromatograms the unidentified deriva- 


BE 
ti 
fi 
ul 
of 
ac 
ac 
a 
aZ 
T 
de 
de 
les 
t 
m 
nc 
tl 
in 
SD 
t 
Td 
t 
t 
ne 
ol 
se 
ou 
4 
Hl 
pe 
a 
la 
al 
sat 
| 
| m 
of 
| 
le 
u 
T 


January 1960 


tive did not appear to react with diazotized 7-nitro-2-amino- 
fluorene; 5-hydroxy-2-acetylaminofluorene gives a sensitive test 
under these conditions. 


DISCUSSION 


Administration of methylcholanthrene and certain related 
hydrocarbons has remarkable effects on the metabolic capacity 
of rat liver. This treatment causes 5- to 10-fold increases in the 
activities of the hepatic microsomal systems which hydroxylate 
acetylaminofluorene or 3,4-benzpyrene (1) and which demethy]l- 
ate the N-methylamino group or reduce the azo linkage of certain 
azo dyes (2). These systems have similar requirements for 
TPNH and, except for the reductase, for oxygen. Induced en- 
zyme synthesis appears to be the source of the increased azo dye 
demethylase and benzpyrene hydroxylation activities, and the 
data on the acetylaminofluorene hydroxylation system, although 
less extensive, are compatible with this view. Methylcholan- 
threne-treated rats also have increased hepatic activity for the 
metabolism of hydrocortisone (24) and excrete 50 to 75 times the 
normal amount of ascorbic acid in the urine (25). 

It has been observed by Seal and Gutmann (12) and by us 
that the liver of the rat, the most susceptible species to tumor 
induction by acetylaminofluorene, has the lowest capacity of the 
species studied to hydroxylate this carcinogen. As the liver is 
the major site of metabolism of acetylaminofluorene, a lower 
rate of hydroxylation in this organ would be expected to increase 
the effective level of acetylaminofluorene in the tissues. On 
this basis acetylaminofluorene might be thought to produce the 
neoplastic changes directly or through still unidentified metab- 
olites. However, the differences in the relative amounts of the 
several hydroxylated metabolites formed by the various species 
cannot be ignored. The Weisburgers and Morris (9, 23) have 
emphasized the possible significance of the near-absence of the 
1- and 3-hydroxy derivatives of acetylaminofluorene from the 
urine of the guinea pig, a species that is highly resistant to the 
carcinogenic action of this compound. These data favor the 
theory that an ortho-hydroxy metabolite is the real carcinogen 
(9, 23, 26, 27). At first sight most of the data reported in this 
paper on methylcholanthrene-treated rats do not appear to favor 
this theory. Methylcholanthrene fed simultaneously with acetyl- 
aminofluorene to rats greatly retards tumor induction by the 
latter compound (5, 6); yet methylcholanthrene-treated rats have 
an increased hepatic capacity to hydroxylate acetylaminofluorene 
at the ortho positions and excrete increased amounts of these 
derivatives in the urine (28). However, methylcholanthrene ad- 
ministration also appears to favor glucuronide formation in 
vitro. Hence, a greater rate of glucuronide formation from 1- and 
3-hydroxy-2-acetylaminofluorene in vivo could counterbalance 
the increased rate of hydroxylation of acetylaminofluorene in 
methylcholanthrene-treated rats. In this case the effective level 
of free ortho-hydroxy amine in the tissues susceptible to the 
carcinogenic action of acetylaminofluorene might be lower in the 
presence than in the absence of methylcholanthrene. This prob- 
lem should be clarified by examination of the levels of free and 
conjugated metabolites of acetylaminofluorene in the tissues and 
urine of rats receiving acetylaminofluorene with and without 
methylcholanthrene. 

Protein-bound derivatives of acetylaminofluorene are formed tn 
vivo (29-33) and have been implicated in its carcinogenic action. 
The chemical relationship between these derivatives and those 
formed in vitro from acetylaminofluorene is unknown and extrap- 
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olations from the system in vitro to the system in vivo should be 
made cautiously. This has been emphasized by the finding of 
considerable differences between the protein-bound derivatives 
of 3’-methyl-4-aminoazobenzene and its N-methyl derivative 
which are formed by liver microsomes in vitro and those which 
are formed in vivo during the period of tumor induction (34). 


SUMMARY 


1. Intraperitoneal injection of 1 mg of 3-methylcholanthrene 
or of certain other hydrocarbons into young rats 24 hours before 
assay caused a 5- to 10-fold increase in the ability of fortified 
liver homogenates or microsomes to hydroxylate the carcinogen 
2-acetylaminofluorene at the 1-, 3-, 5-, and 7-positions. As in 
normal rats the hydroxylation system in methylcholanthrene- 
treated rats is localized in the liver microsomes and requires re- 
duced triphosphopyridine nucleotide and oxygen for activity. 
The liver homogenates from methylcholanthrene-treated rats 
also formed small amounts of two unidentified metabolites and 
about ten times as much protein-bound derivative as liver homog- 
enates from untreated rats. 

2. Liver homogenates from normal young or adult mice, guinea 
pigs, hamsters, or cotton rats as well as homogenates from normal 
adult rats had more active hydroxylation systems than the livers 
of normal young rats. However, methylcholanthrene-treatment 
of any of these other animals caused only 1.3- to 2-fold increases 
in activity. 

3. The increased activity after methylcholanthrene-treatment 
appears to be the result of new enzyme formation. There was 
no evidence for enzyme activators or inhibitors in methylcholan- 
threne-treated or normal rat liver. Ethionine administered si- 
multaneously with the methylcholanthrene strongly inhibited the 
increase in activity due to the hydrocarbon; the ethionine in- 
hibition was completely prevented by methionine. 

4. These findings have been discussed in relation to the 
marked inhibitory effect of methylcholanthrene on the carcino- 
genicity of 2-acetylaminofluorene. 
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‘“we Count More Samples... 
tin § GCOunt For Longer Periods... 
And Still Have More Time For Research’’ 


This is a typical quote from research person- 
nel in laboratories where Packard Tri-Carb 
Spectrometers and/or Auto-Gamma 
Spectrometers are used. 


: These instruments are completely auto- 

Tri-Carb® Liquid Scintillation Spectrometer matic. They: wp to 100 semples and 

For counting Tritium, Carbon-14 and record all data (sample number, time and 

other beta- and alpha-emitting isotopes. scaler counts) accurately and permanently on 

paper tape. Operation can be maintained on 

a 24-hour basis. No staff time is required for 

counting. Consequently, laboratory per- 

cama aa sonnel have more time for other important 
research work. 
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If you are counting radioactive samples, 
learn how Packard can improve your experi- 
mental data and still save you time. Contact 


: Packard Instrument Co., Inc. Request latest 
Simply Load Up To 100 Samples Liquid Scintillation 


And Read The Printed Data Spectrometer and/or the Auto-Gamma 
Spectrometer. 


Auto-Gamma® Spectrometer 


for counting gamma-emitting isotopes. 


a ckard Instrument Company, In 
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Farrand 


Photo-Electric 


The most precise instrument for all fluoro- reliable measurements over a wide range 


metric methods of analysis...for research of sensitivities. Ideal for extremely low con- 


and routine procedures. Provides precise, centrations in micro and macro volumes. 


Bulletin No. 820 BC sent on request 


FARRAND OPTICAL CO., INC. 


BRONX BLVD. AND EAST 238th STREET e NEW YORK 70, N. 


Engineering, Research, Development, Design and Manufacture of Precision Optics, Electronic and Scientific Instruments 
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INTERNATIONAL’S 
ALL-NEW MODEL UV 
UNIVERSAL CENTRIFUGE 


This latest contribution to centrifuging 
progress combines in one moderately 
priced unit all the features most wanted 
by medical and industrial jaboratories. 


STREAMLINED DESIGN! Cabinetized construction 
adds new eye appeal to traditional international 
“work horse”’ ruggedness. Unitized control panel 
simplifies operation. Convenient storage space keeps 
accessories handy. 


WIDE-RANGE VERSATILITY! Swings more than 80 
different accessory combinations .-- at speeds up to 
5400 RPM. For example: 4 one-liter bottles, 150 serum 
tubes, 6-250 mi bottles, 16-50 mi tubes. 


MOST-WANTED FEATURES! Stainless steel 
guard bowl makes cleaning easy- Electric 
tachometer, timer and brake assure accuracy ..-- 
improve performance. Powerful series-wound 
motor is international-made for extra reliability. 


GET ALL THE FACTS about this modern, 
versatile, economical centrifuge - - - the one 

model you can standardize on for general-purpose 
laboratory work. 
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INTERNATIONAL (IEC) EQUIPMENT CO 


1 
212 SOLDIERS FIELD ROAD « BOSTON 35, MASSACHUSETTS 
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on International's all-new M 
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Determatube U 
For uric acid determination. 


Determatube LDH 
For lactic acid determination 
at 340 mu. 


Glucostat 
A specific, quantitative 
glucose reagent. 


For routine laboratory assay 
of trypsin, chymotrypsin 
and alcohol dehydrogenase. 
Worthington offers 
Determatubes TRY, CHY, 
ADH. 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN JANUAR Y—(1930) — proof is offered of a glucose-lactic acid cycle involving 
liver and muscle. Glucose and lactate determinations were done on blood 
drawn from the femoral artery, femoral vein, hepatic artery, and portal vein 
of dogs at rest and during moderate exercise. The data suggest that lactate 
released into the blood stream by muscle is removed by the liver and converted 
to glucose. The glucose returns to the blood stream where it is again taken up 
by skeletal muscle. 


Today we know that the ramifications of this cycle include many hexoses, hexose 
phosphates, and triose phosphates and related compounds. Most of these meta- 
bolic intermediates are available from Schwarz BioResearch. We also offer C''- 
labeled glucose, mannose, ribose, ribose phosphate and yeast polysaccharides. 


IN JANUARY—(1933)—Science reports the determination of the size limits 
of the gene, announced to the A.A.A.S. by Gowen and Gay of the Rockefeller 
Institute. Dividing the amount of chromatin (in Drosophila chromosomes) by 
the number of genes (as determined by the mutation rate) they calculate the 
maximum gene size as 10°18 cubic centimeters. 


Current biochemical genetics is vitally concerned with nucleic acids and nucleo- 
proteins. Schwarz BioResearch offers a full line of nucleic acid compounds: 
DNA, RNA, nucleate salts, nucleotides, nucleosides, purines and pyrimidines, 
pentoses and pentose phosphates. Many of these have been radiolabeled. 


IN JANUARY—(1959)—Lockart and Eagle* point out that “nonessential” 
amino acids are indispensable for the growth of certain human tissue cells in 
vitro. A medium containing only the “essential” amino acids was inadequate 
to support growth of monolayer cultures of HeLa, HeLa-S3, conjunctiva or 
KB cells derived from suspension cultures. The nutritional deficiency could be 
overcome by adding seven amino acids, including serine, ordinarily not nutri- 
tionally essential. In most of the experiments, serine alone was sufficient. 


If you are also working with amino acids, you may be interested in the Schwarz 
Kit of 18 optically standardized natural amino acids. You are assured of reli- 
ability and convenience when using this Kit for primary standards in chroma- 
tography, microbiological assay and other precise research or instructional pur- 
poses. Also available are bulk quantities of optically standardized amino acids 
for nutritional studies and for use in production. We also supply 16 amino acids 
labeled with C14, 15 labeled with N**, and S**-labeled L-cystein, L-methionine 
and glutathione. Write for our most recent catalog and price list. 


1. Himwich, H. E., Koskoff, Y. D. and Nahum, L. H.: Studies in carbohydrate metabolism =. A glucose-lactic acid 
cycle involving muscle and liver. J. Biol. Chem. 85:571 (Jan.) 1930. 2. Science News: Science 77:8 (Jan. 6) 1933. 
3. Lockart, R. Z., and Eagle, H.: Requirements for growth of single human cells. Science 129:252 (Jan. 30) 1959. 
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Superior New Concept Developed 


MODULAR UNITS 


Gas Chromatography 


e Jen separate modules to provide exactly the right 
combination to meet your chromatography needs e 
The flexibility to meet your future research require- 
ments by the simple addition of other modules e 
Adaptability to future developments in the field of 
Gas Chromatography. 


The Complete System shown at right is composed of 8 modules 
e CONTROL UNIT —- 


provides power and monitors temperature throughout the 
System 


a COLUMN OVEN — 
uniform temperature up to 300° c. 

es COLUMN OVEN TEMPERATURE CONTROLLER — 
proportional control over entire operating range. 

a KATHAROMETER DETECTOR and OVEN — 
conductivity cell with uniform temperature distribution 

es KATHAROMETER POWER SUPPLY — 
regulated current to conductivity cell 

s DETECTOR OVEN TEMPERATURE CONTROLLER — 
proportional control over entire operating range. 

a FLOW CONTROLLER and METER — 
constant and reproducible gas flow 


POTENTIOMETRIC RECORDER — 
Smv for high sensitivity and reproducible chromatographs. 


For the Ultimate in MICRO-DETECTION 


e Model 600-2 IONIZATION DETECTOR 
and OVEN — 


Sensitivities up to 10°13 moles..... Unparalleled 
stability..... Adaptable to your present system. 


» Model 605-2 IONIZATION DETECTOR 
POWER SUPPLY 


regulated high voltage..... stable electrometer 
circuit ..... attenuation of 1:1000 


WRITE TO DEPARTMENT B 


FOR FURTHER INFORMATION RESEARCH SPECIALTIES CO. 
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SA CGS N SCIENTIFIC LABORATORY INSTRUMENTS APPARATUS © SUPPLIES @ CHEMICALS 


E.H. SARGENT & CO., 4647 W. FOSTER, CHICAGO 30, ILLINOIS 
DETROIT 4, MICH.« DALLAS 35, TEXAS ¢ BIRMINGHAM 4, ALA. « SPRINGFIELD, N.J. 


Automatic Titration of 
Calcium or Magnesium in 
Blood Serum using the 


SARGENT-MALMSTADT 
SPECTRO-ELECTRO 
TITRATOR 


Direct automatic derivative spectrophotometric 
EDTA titration procedures for calcium and mag- 
nesium in blood serum are now successfully run 
onthe Sargent-Malmstadt Spectro-Electro Titrator. 
For copy of method and information on the titra- 
tor, write Dept. TB. 


Designed and manufactured by E. H. SARGENT &co. 
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regularly available including: 


Carbon-14 
Sulfur-35 
Phosphorus-32 
Deuterium 
Tritium 


The Journal of Biological Chemistry 


The Singular Source for Isotopic Compounds 


..-per your exact specifications 


Over 550 labeled compounds of guaranteed radiopurity 


Your specific needs for special products to fit 
varying research requirements are met by Volk. 
Available by arrangement are: 
a. Special packaging and sizes. 
b. Special forms; e.g., solutions for injection, 
crystaline solids. 
c. High, low, or standard specific activity. 


Unconditional Quality Guarantee. Volk 
guarantees the highest attainable chemical and 
radiochemical purities for all of its products. Analyt- 
ical information for any radiochemical product will 
be furnished on request. Sales of all Volk products 
are contingent upon your complete satisfaction. 


Write for our new comprehensive 24-page catalog. 


5411 North Clark Street, Chicago 40, Illinois 


Export Department 
13 E. 40th Street e New York 60, N. Y. 
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New Cary Model 32 Electrometer 
measures C™ activity of less than 107° 
curies per mg BaC™“Os, H® activity 

to 10°° curies per mg H® 


Saves time, money and bench space: 
e High sensitivity allows use of smaller quantities of 
expensive fagged compounds 
¢ Simplified operating procedures speed analysis 
¢ Compact design requires only one square foot of bench space 


The high sensitivity and stability of the Cary Model 32 make it particu- 
larly valuable in determinations of C14 and H3 in biological and chemical 
samples. The high sensitivity permits use of minimum amounts of 
costly tagged materials which reduces the hazard to living experimental 
subjects. In addition, savings resulting from the use of minimum 
amounts pay for the instrument in a short time. | 

Accessories further increase the versatility and convenience of the 
Model 32. These include spherical ionization chambers for gas phase 
samples, slide chambers for solid samples, shielded enclosures, resistors, 
and a pH electrode adapter. 


For descriptive literature on 
the many ways Cary model 32 
AT : can serve you, ask for 

data file J-1510 


APPLIED PHYSICS CORPORATION 
2724 S. Peck Rd., Monrovia, California 
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THE NEW BRUNSWICK 


The Journal of Biological Chemistry 


GYROTORY TIER SHAKER“ 


Powerful, Large Capacity Rotary Shaker 
Precision Built for Continuous Duty 


This double tier shaker accommodates large numbers of various 
size flasks on 6 removable trays. Trays lock into a sturdy steel 
shaking frame which is uniformly rotated in a 2” eccentric circle. 
A continuously adjustable speed range of 150 to 350 rpm is 
achieved mechanically without variation. Heavy duty, 5-eccentric- 
shaft stabilizing system assures smooth, positive, reproducible 
agitation. 

This powerful laboratory workhorse can handle extremely heavy 
loads under continuous, day and night operation. Other models 
with 1, 3, and 4 tiers, for bottles, jugs and other containers. A 
multiple tier shaker is also available with reciprocating motion. 


Overall Dimensio-s: 40° long x 51” wide x 35” high 
WRITE FOR CATALOG G-52-160C 


NEW BRUNSWICK SCIENTIFIC CO., INC. 


PRECISION LABORATORY APPARATUS 


P.O. BOX 606, NEW BRUNSWICK, NEW JERSEY 
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The Journal of Biological Chemistry 


BLICKMAN 


SAFETY ENCLOSURES 


MiCRO- 
BIOLOGICAL 
SAFETY 

CABINET 


with filter 
canister 


Stainless steel enclosures 
for handling hazardous substances 


Safety is the first consideration in this special- 
purpose equipment. These enclosures make it 
safer—and easier—for the technician to work 
with contaminants, micro-organisms, live 
viruses and radioactive substances. Stainless 
steel, crevice-free, with rounded corners, for 
easy and sure cleaning. Write for technical bul- 
letin A-6 and illustrated folder describing 22 
different enclosures. S. Blickman, Inc., 9701 
Gregory Avenue, Weehawken, New Jersey. 


BLICKMAN 
SAFETY ENCLOSURES 


Look for this symbol of quality Huitria mm 


22 types of Safety Enclosures for 
Handling Hazardous Substances 


SAFETY 
ENCLOSURES 


Stainless Steel, All Purpese: 
Modular adaptability with 
various accessories 
te fit your needs. 


DRY RADIOACTIVE 
WASTE CONTAINER 


All-welded stainless steel con- 
struction with stainless steel 
inner container. 

Write for illustrated folder 
describing these and 20 other ; 
kinds of enclosures. S. Blickman, Inc., 9701 
Gregory Avenue, Weehawken, New Jersey. 


BLICKMAN SAFETY ENCLOSURES 


| 


The idea! tool for investigating cell formation and turn- 
over, genetic patterns, intra-cellular effects of radiation 
and growth of neopiasms - Stable radioactive label — Half 
life 12% years - Pure Beta emitter at 0.018 mev. (max.) 
* High resolution in radioautographs - High specific activ- 
ity — 0.3 to 3.0 curies/mM - Rapid incorporation into ONA 


* Tritiated thymidine is available in radioactively pure, — 
sterile, aqueous solution with a specific activity of 0.3 to. 


3.0 curies/ mM. It is packaged in vials of 5 mc. (1 mec./mi.) 


0.5 me. (1 mc./ mi.) - 250 wc. (0.5 mc./mi.—no AEC license 
_ required). Other tritiated compounds suitable for tracing 
RNA and protein syntheses are available. Write for — 


detailed information, references and prices. 


<§> SCHWARZ BIORESEARCH, INC. 


Dept IC » Mount Vernon, New York 
BIOCHEMICALS « RADIOCHEMICALS - PHARMACEUTICALS 
for research, for medicine, for industry 


: 
= 
| 
ae 
| 


The Journal of Biological Chemistry 


Superbly integrated presentation... 


Bell, Davidson & Scarborou gh: 
TEXTBOOK OF PHYSIOLOGY AND 
BIOCHEMISTR Y—4¢h edition 


This new edition of a popular text has been considerably rewritten. However, by 
keeping in mind that it is intended as an introduction to the subject, the authors—a physi- 
ologist, a biochemist and a clinician—have been able to keep the size down so that it is 
actually a few pages shorter than the previous edition. 

Probably no other text succeeds so well in giving a complete and balanced picture of 
physiology. The Journal of Medical Education said of an earlier edition: ‘‘. . . this book does 
something which most physiological texts fail to do—it demonstrates again and again 
that the working of the body cannot be comprehended in terms of the function of isolated 
parts. For example, in describing the heart, the authors discuss the influence of peripheral 
blood vessels, the central nervous system, respiration and the chemical changes occurring 


in cardiac muscle.’’ 


CONTENTS: General introduction. Carbohydrates. Lipids. Some physicochemical con- 
siderations. Proteins. Nucleotides, nucleic acids and nucleoproteins. Enzymes. Biological 
oxidations and reductions. Water and minerals. Vitamins. Energy exchange. Food and 
nutrition. Temperature regulation. Hunger and thirst. Mouth, esophagus and deglutition. 
Stomach. Digestion and absorption in the small intestine. Large intestine. Intermediary 
metabolism: methods of study. Carbohydrate metabolism. Glycolysis and citric acid cycle. 
Fat metabolism. Protein metabolism. Blood. Formed elements of blood. Blood pigments. 
Circulation. Heart. Dynamics of peripheral circulation. Vasomotor control. Circulation 
through lungs, liver, spleen and brain. Respiration. Respiratory function of blood. Kidney. 
Fluids of the body. Special senses. Skin. Chemical senses. Vision. Speech and hearing. 
Neurone and synapse. Muscle. Autonomic nervous system. Nervous system. Spinal cord. 
Brain stem and postural reflexes. Cerebellum. Diencephalon. Telencephalon. Conditioned 
reflexes. Endocrine glands. Reproduction. Pituitary body. Cell division and heredity. Growth 
and senility. Units and measures with conversion factors. Standard weights. Index. 


By Grorce H. Bett, B.Sc., M.D., F.R.F.P.S.G., F.R.S.E., Professor of Physiology in the 
University of St. Andrews at Queen’s College, Dundee; J. NorMAN Davinson, M.D., D.Sc., 

F.R.F.P.S.G., F.R.I.C., F.R.S.E., Gardiner Professor of Biochemistry in the University 
of Glasgow; and Harotp Scarsoroucu, M.B., Ph.D., F.R.C.P.E., M.R.C.P., Professor of 
Medicine in the Welsh National School of Medicine of the University of Wales and Director of 


the Medical Unit in the Royal Infirmary, Cardiff 


1959 © 1076 pp., 581 figs., 244 pls., 35 col. © $12.50 


HE WILLIAMS & WILKINS COMPANY 


BALTIMORE 2, MARYLAND 
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38 The Journal of Biological Chemistry 


A detailed discussion 
of simple and complex lipides... 


LIPIDE CHEMISTRY 


By Donatp J. Hananan, University of 
Washington; with contributing chapters by FRANK 
R. N. Gurp, Equitable Life Assurance Soctety of 
the United States, and IrvinG ZaBIN, University 
of California, Los Angeles. Useful as an advanced 
text, a reference work, or a review, this book 
evaluates and documents the progress of the 
last decade in this rapidly advancing field. The 
main emphasis is laid on the chemical nature 
of lipides (mainly from mammalian sources, 
but applicable to many sources) and the proper 


1960. 330 pages. 


The latest addition 


to this useful series... | 


methods for isolating naturally occurring lip- 
ides. Careful consideration is also given to the 
difficulties encountered in establishing with 
certainty the structure and purity of lipides in 
isolation from natural sources. Careful defini- 
tions of the individual lipides are given, and 
from these the authors work up the scale to a 
consideration of the much more complex lipo- 
protein systems. (A companion volume to Dr. 
Hanahan’s book—Lipide Metabolism, edited by 
Konrad Bloch—will be published soon.) 


Prob. $10.00 


BIOCHEMICAL PREPARATIONS: Volume 7 


Edited by H. A. Larpy, University of Wis- 
consin. This volume maintains the same high 
standard that has made the previous volumes 
in the series so indispensable to the biochem- 
ist. Like the others, the present volume pro- 
vides authoritative, thoroughly checked prepa- 
rations for substances used in biochemical 
research, and illustrates techniques and meth- 
ods useful to both students and research work- 
ers. Essential for every biochemical research 
and teaching laboratory. 


CONTENTS: 


N-Acetylneuraminic Acid. Enzymic Syn- 
thesis of Adenosine Di- and Tri-Phosphates 


1960. Approx. 128 pages. 


containing P®. Chemical Synthesis of Adeno- 
sine Di- and Tri- Phosphates containing P*:. 
Beta-Aminoisobutyric Acid. Carbamyl P Phos- 
phate. (—)-Carnitine Chloride. Cerebrosides. 
Coproporphyrin III Tetramethyl Ester. 6-De- 
oxy - 1 - Fluoro - D- Glucose. Dihydroxyace- 
tone Phosphate. Flavin Adenine Dinucleotide 
(FAD). D-Fructose-1-Phosphate (Barium Salt). 
3 - Hydroxy - L- Kynurenine. Hydroxypyruvic 
Acid Phosphate. Methylmalonic Semialde- 
hyde. Potassium Dihydrogen Ls(+)-Isocitrate. 
S-Palmityl Coenzyme A. Stearic Acid, Methyl 
Stearate, and Homologous Compounds. Stig- 
masterol. Tetrahydrolic Acid (5 ,6,7 ,8-Tetra- 
hydropteroylglutamic Acid). 


Prob. $5.25 


Send for examination copies. 


JOHN WILEY & SONS, Inc. 


440 Fourth Avenue, New York 16, N.Y. 
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STABLE ISOTOPES 
Carbon 13 - Nitrogen 15 
Boron 10 and 11 
Deuterium - Oxygen 17 and 18 


Highest available enrichment and purity 
Wide variety of standard 
labeled compounds 
Special labeled compounds 
synthesized to order 
WRITE for Technical Bulletin 


CORPORATION 
428 Commercial Avenue 
Palisades Park, N. J. 


PHOTOVOLT Densitometer 


for Partition Chromatography 
and Paper Electrophoresis 


A photoelectric precision instrument for the rapid 
and convenient evaluation of strips and sheets 
of filter paper in partition chromatography and 
paper electrophoresis. 


Write for Bulletin $800 to 


Avenve “New York 16, N. 

Ake. 


DIFCO LasBoraATORY PRODUCTS 
BIOLOGICS CULTURE MEDIA REAGENTS 


Media for Standard Methods 
Culture Media Dehydrated and Prepared 
Microbiological Assay Media 
Tissue Culture and Virus Media 
Bacterial Antisera and Antigens 
Diagnostic and Serological Reagents 
Sensitivity Disks Unidisks 
Peptones Hydrolysates Amino Acids 
Enzymes Enrichments Dyes _ Indicators 
Carbohydrates Biochemicals 


over GO years’ experience 
in the preparation of Difco products assures 


UNIFORMITY STABILITY ECONOMY 


Complete Stocks Fast Service 
Descriptive literature available on request 


DIFCO LABORATORIES 
i 

ARIQCORD 

VARIABLE-RESPONSE RECORDER 


for densitometry i in paper 


Recording function electrically 11114 


anne 
Lib 


adjustable from linear to 
logarithmic and trans - =: 
logarithmic — 
= 
Sensitivity 
+H edjestable from 
rt 10 te 200 millivelts 
Designed specifically to be with sconning densitometers for correctiy- 
compensated quentitetive evelvetion of electrophoretic petterns on filter peper 
Write for Bulletin #1100 FT 
Alse: Densitemeters pl Meters Celerimeters Fluorescence 
mill Meters Electronic Multiplier 
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Just Published: Volume 5 (1960) 


ANNUAL REVIEW OF ENTOMOLOGY 


Editors: i. A. Steinhaus and R. F. Smith 


Editorial Committee: P. A. Daum, V. G. Deruier, R. GLEN, H. H. Ross, L. E. RozEsBoom, R. F. Smita, 


kk. A. STEINHAUS 


Contents: 


Insect Flight Muscles and Their Basic Physiology 
E.G. Boettiger 


Insect Micromorphology................... G. A. Edwards 
Neurosecretion in Insects. ........... W. G. Van der Kloot 
The Physiology of Excretion in the Insect........ R. Craig 
Cytogenetics of S. G. Smith 


Chromosomal Variation and Adaptation in Insects 


Some Recent Contributions to the Study of the Distribution 
and Abundance of Insects 

H.G. Andrewartha and L. C. Birch 

Sampling Insect Populations................. R. F. Morris 


The Use of Honey Bees in the Production of Crops 
F. E. Todd and 8S. E. McGregor 


The Biological Background of Locust Control..D. L. Gunn 


Mechanisms of Resistance Against Insecticides 
A. W.A. Brown 


A. Brito da Cunha game Aspects of the Application of Insecticides 


The Phylogeny of Coleoptera.............. R. A. Crowson R. J. Courshee 
Pikes... B. Hocking Citrus Insects and Mites. .L. R. Jeppson and G. E. Carman 
Evolution and Biology of the Termites... .. F. M. Weesner Pesticides in Relation to Public Health. .W. J. Hayes, Jr. 
Biology of Fruit Flies...... L. D. Christenson and R. Foote Biological Relationships between Lice (Anoplura) and 


Host Selection in Phytophagous Insects..A. J. Thorsteinson sin F. Weyer 
APPROXIMATELY 450 PAGES AUTHOR AND SUBJECT INDEXES 
$7.00 postpaid (U.S.A.); $7.50 postpaid (elsewhere) 


ANNUAL REVIEWS, INC., Grant Avenue, Palo Alto, California 


For everyone faced with the problem 
of “writing up data’... 


Treleas: HOW TO WRITE SCIENTIFIC 
AND TECHNICAL PAPERS—3rd edition 


This manual is intended to meet the practical needs of students and research 
workers who are preparing illustrated papers on scientific or technical subjects. 
Contents: THE RESEARCH PROBLEM* WRITING THE PAPER* GOoD FORM AND 
UsaGE* TABLES* ILLUSTRATIONS* PREPUBLICATION REVIEW * PROOFREADING 


“The amount of valuable information in this small volume can only be appre- 
ciated by one who has used it. The novice writing his first scientific paper—and 
just a lot of supposedly mature workers—as well as the inexperienced editor 
and editorial assistant could spend a few hours going through this book with 
immense profit. Thereafter it will never be far away.”—Bentley Glass in Quart. 
Rev. Biol. 194 pp. 8 figs. (1958) + $3.25 


THE WILLIAMS & WILKINS COMPANY 


Z Yy 


BALTIMORE 2, MARYLAND 
Baltimore 2, Maryland 
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FOR RESEARCH 
BIOCHEMICALS ? 


Just phone our EMERGENCY number . . . 

MOntrose 2-0214, Cleveland, Ohio... and your ORDER 
WILL BE SHIPPED WITHIN ONE HOUR! Even 

our normal service is fast... every 
order shipped within 8 hours of 
receipt! And of course, every NBCo 
biochemical is the highest quality 
available commercially ... at the 

lowest possible price! Yes, you 

get the BEST for LESS when you buy 
from NBCo... and you get DELIVERY 
when you NEED it! Why not call us the 
next time you need ANY biochemicals? 


Our stock of more than 2,500 items includes: 


e@ Over 300 Amino Acids © Steroid Hormones 
© Over 90 Peptides e Biological Salt Mixtures 
© Biological Test Materials 
e Carbohydrates 

e Purified Proteins 

e Fatty Acids 

Vitamins © Antibiotics 

e Enzymes-Crystalline, Purified e Alkaloids 

e Growth Factors e Glandular Substances 


e More than 200 Nucleoproteins, 
Purines, Pyrimidines 


e Miscellaneous Biochemicals 


OUR NEW OCT. 1959 CATALOG 


BIOCHEMICALS 
CORPORATION 


Firm or Organization 


21015 MILES AVENUE 
CLEVELAND 28 OHIO 


Address 


City State 
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